GENETICS 


A PERIODICAL RECORD OF INVESTIGATIONS 
BEARING ON HEREDITY AND VARIATION 


Founded in 1916 
by 
GEORGE H. SHULL 
with the cooperation of 
WILLIAM E. CASTLE BRADLEY M. DAVIS HERBERT S. JENNINGS 
EDWIN G. CONKLIN EDWARD M. EAST THOMAS H. MORGAN 
CHARLES B. DAVENPORT ROLLINS A. EMERSON RAYMOND PEARL 





Volume 34 MAY, 1949 Number 3 





TABLE OF CONTENTS 


WriGHT, SEWALL, and Zora Ivaska Brappock, Colorimetric 
determination of the amounts of melanin in the hair of diverse 
genotypes of the guinea pig . 


Wricut, SEWALL, Estimates of amounts of natin’ in the hair of 


diverse enotypes of the guinea pig, from transformation of 
yp gu pig 


empirical grades 


Dempster, Everett R.., Bifects of whee on parental-combina- 
tion and recombination frequencies in F; 


Bozeman, M. L., and C. W. Metz, Further studies on sensitiv- 
ity of chromosomes to irradiation at different meiotic stages in 
odcytes of Sciara re 

Upnorr, Detta E., The expression of idles at ie csi inter- 
ruptus locus in hybrids between Drosophila melanogaster and 
Drosophila simulans ; ae Cs 


Cuase, Suerret S., Monoploid frequencies in a commercial 
double cross hybrid maize, and in its anere single cross 
hybrids and inbred lines 


Warren, D. C., Linkage relations of iauiiadaiih hceane in ‘the 
fowl 





PUBLISHED BIMONTHLY AT MENASHA, WISCONSIN 
BY THE BROOKLYN BOTANIC GARDEN, 
BROOKLYN, NEW YORK, U.S.A. 

(Date of issue, June 15, 1949) 














EDITORIAL BOARD 


Curt Stern, Managing Editor, University of California 





Georcz W. Braptz Joun W. Gowen T. M. Sonnesorn 
California Institute of Iowa State College Indiana University (Rep- 
Technology resentative of the Genet- 

Wuuaws E, Casta Dona p F. Jonzs Seen os Seay 
University of California Connecticut Agricultural L, J. Srapier 

Experiment Station U. S. Dept. Agriculture, 

Epwin G. Conxum — University of Missouri 

Princeton University 
M. M. Raoapzs Atrrep H. Sturtevant 

Brapizy M. Dav University of Illinois California Institute of 
University of Michigan Technology 

L. C. Dunn Geroros H. Suutt SewaLt WricHT 
Columbia University Princeton University University of Chicago 

Volume 34 MAY, 1949 Number 3 





Genetics is a bitnonthly journal issued in annual volumes of about 
600 pages each. 


Subscription, $6.00 net a year for complete volumes (January- 
November). Foreign postage, 50 cents additional. Single copies, $1.25 
each, postpaid. 


As available, volumes 1 to 6 may be had at $9.00 each, and the 
later volumes at $7.50 each, postpaid. The Business Manager will 
supply information on request as to volumes and numbers available. 


Correspondence concerning editorial matters should be addressed 
to the Eprror or Genetics, Department of Zoology, University of 
California, Berkeley 4, Calif. 

Business Correspondence, including change of address, directions 
concerning reprints, and exchanges, should be addressed to Generics, 


Menasha, Wisconsin, U.S.A., or BROOKLYN Botanic GARDEN, 1000 
Washington Ave., Brooklyn 25, N.Y., U.S.A. 


Remittances should be made payable to Genetics. 


Entered as second-class matter, August 31, 1922, at the post- 
office at Menasha, Wisconsin, under Act of March 3, 1879. Ac- 
ceptance for mailing at the special rate of postage provided for in the 
Act of February 28, 1925, paragraph 4, section 412, P.L. & R., author- 
ized January 9, 1932. 

Claims for missing numbers should be made within 30 days follow- 
ing their date of mailing. The publishers will supply missing numbers 
free only when they have been lost in the mails. 





COLORIMETRIC DETERMINATION OF THE AMOUNTS 
OF MELANIN IN THE HAIR OF DIVERSE GENO- 
TYPES OF THE GUINEA PIG." 


SEWALL WRIGHT anp ZORA IVASKA BRADDOCK 
Department of Zoology, The University of Chicago, Chicago, Illinois 


Received July 19, 1948 


HE melanin pigments of mammals fall into two major categories, the 

darker pigments or eumelanins and the orange yellow pigments or phaeo- 
melanins. These presumably differ qualitatively although the exact chemistry 
of the melanins is not yet known. 

The hairs of wild cavies and of the so-called agouti variety of the guinea 
pig are predominantly eumelanic but have a phaeomelanic subterminal band. 
Replacement of E- by ee in the genotype of the agouti guinea pig-(EABCFP) 
causes the whole hair to be yellow (at birth) without changing the intensity in 
the subterminal region. Replacement of A- by aa (with E present) causes the 
whole hair to be eumelanic without change of intensity of the regions which are 
eumelanic in agoutis. The combinations with eeaa are yellows (or whites), 
not distinguishable in the guinea pig at birth from those with eeA-. In adult 
animals, a small amount of eumelanin (sootiness) often develops near the tips 
of the hairs in yellows and this is inhibited in the characteristic subterminal 
band in the presence of A. There is a second allele of E (namely e?), the pres- 
ence of which (ee”, e?e) results in a tortoiseshell pattern of eumelanic and 
phaeomelanic areas similar in intensity to colors of corresponding varieties 
with £ and ee respectively, except that some hairs may have mixtures of both 
kinds of pigment in reduced amounts. 

Two major kinds of eumelanin, must be distinguished namely sepia and 
brown, depending in the guinea pig on B- and dé respectively (in association 
with genes which permit eumelanin to develop at all). A second pair of alleles 
distinguishes relatively intense (P-) and pale (pp) varieties of both sepia and 
brown. The intensities of all combinations of these genes are affected by a 
series of five alleles C, c*, c*, c’, c*. In albinos (c*c*) no pigment is present at 
birth, though some may develop later under the influence of low temperature. 
Intensities are highest in most cases with C, and intermediate, but in diverse 
orders, in the remaining combinations of the C-series. 

The intensities of phaeomelanin are not affected appreciably by B, 6 or 
P, p but are affected by F, f (which have no apparent effect on eumelanin in 
the presence of P). The C-series effects the yellow as well as the dark pigments. 
The highest intensities are found with C. There is no yellow in c*c*, c’c* and 
c’c’ (in this case even on exposure to low temperatures). The order of effect of 
the C series differs from any found in the eumelanic series. In the combination 
Sfpp, replacement of ee by E reduces the intensity of phaeomelanin or wholly 


1 This investigation was aided by a grant from the WALLACE C. AND Ciara A. ABBOTT ME- 
MORIAL FuND of THE UNIVERSITY OF CHICAGO. 
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eliminates it, without replacing it by eumelanin, except perhaps in minute 
traces. The ff-yellows tend to become paler after birth to a much greater ex- 
tent than the F-yellows. 

Summing up, we may distinguish the following seven major series of uni- 
formly pigmented varieties of the guinea pig, within each of which intensity 
depends on the C-series (WRIGHT 1927). 


Uniform eumelanic series 


Dark sepias £66 B-F- (tC, 6.6, &) No effect of F, 
Pale sepias E-aa B-ppF- (C, c*, c4, c’, c*) 

Dark browns E-aa bbP- (C, c*, c4, c’, c*) No effect of F, f 
Pale browns E-aa bbppF- (C, &, c*, c’, c*) 


Uniform phaeomelanic series 
Persistent yellows ee F- (C, c*, c4, c’, c*) No effect of A, a; B, b; P, p. 
Fading yellows ef tC. e,. 6.6.4 No effect of A, a; B, b; P, p 
Anomalous yellows E-aaC-ffpp (no pigment without C) No effect of B, 6. 


Orange yellow solutions can be obtained in dilute alkali from the phaeo- 
melanic varieties. These can be compared without difficulty with a single 
standard solution, making possible determination on a single scale. 

The eumelanic series yield tea colored solutions in dilute alkali which cannot 
be compared colorimetrically with the yellow standard but which can be com- 
pared fairly well with a single standard from black hair. There are, however, 
slight but characteristic differences in quality in certain cases. These are not 
due to mingled granules of eumelanin and phaeomelanin. Mixtures of the two 
kinds of granules can indeed be seen under the microscope in some hairs of 
tortoiseshells and in the transition regions in agouti hairs. In the uniform 
eumelanics (E-aa), however, only one quality of granule can be recognized in 
each case. If there is a mixture it must be within the granules themselves. The 
appearance of pale yellow in EaaCffpp in which eumelanin is suppressed, in 
contrast with the uniformly eumelanic character of all granules in other geno- 
types with Eaa, suggests that some phaeomelanin may be mixed with the latter 
and be responsible, through variations in its proportions, for slight differences 
in quality. The qualitative differences among combinations of the C-series seem 
to fit this interpretation but those between sepias and browns, especially pale 
sepias and pale browns, do not and indicate a real qualitative difference rather 
than mixture, in this case. 

It should be added that three additional series of uniform colors may be dis- 
tinguished on the basis of imperfect dominance of F. There are also other minor 
variations in intensity that havea genetic basis but for which genes have not 
yet been isolated. The attempt has been made to avoid these by selection for 
intensity within each series of colors but they have been an important source 
of variability in the present study. 

Finally it may be noted that several pairs of alleles are known (S, 5; Si, si; 
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Gr, gr) in which the mutant allele causes loss of pigment (white) or in some 
cases dilution, in areas of the coat or in individual hairs, without affecting the 
intensity of the color in other areas as determined by the rest of the genotype. 
We shall not be concerned with effects of these genes in this paper. 

For many years, it has been part of the routine in our guinea pig colony to 
grade the colors of all animals at birth by comparison with standard series of 
pelts (WRIGHT 1927). Sepias and browns have been graded by the same scale, 
ranging from grade 1, barely distinguishable from white, to 21 intense black. 
Yellows have been graded by a different scale ranging from grade 1, again 
barely distinguishable from white, to 13 the most intense red. In a relatively 
small number of cases, solutions of pigment have been made from weighed 
samples of hair for colorimetric comparisons with standard solutions. Two 
papers have been published from this laboratory giving such determinations 
for a considerable number of genotypes (E. S. RussELt 1939, HEIDENTHAL 
1940). These dealt largely with the various kinds of yellows and with dark 
sepias. The primary purpose of this paper is to present data on pale sepias and 
dark and pale browns of diverse genotypes as well as additional dark sepias. 
A secondary purpose is to establish the relation between the colorimetric 
values and the grades assigned the same animals as a means of transforming 
the averages based on grades into estimates of colorimetric value. The results 
of this transformation will, however, be deferred to a later paper. 

The grades are used here to provide a means by which colorimetric values 
based on different standard solutions may be reduced to comparability, and to 
determine by internal evidence a correction for the gradual fading of the 
standard during the rather long period (19 months) in which the present data 
were obtained. 


GENOTYPES 


There is so much overlapping in intensity that genotypes can not be as- 
signed on the basis of coat color alone. Eye color gives some help since this is 
black in the presence of BP, and brown in the presence of b6P, except for slight 
reduction in c’c’BP (dark red) and c’c’bbP (brown red), greater reduction in 
cc*BP (light red) and c’c*bbP (light brown red), and complete absence of pig- 
ment in c*c*BP and c*c*bbP (both pink). With pp, eye color is always pink, 
though small amounts of pigment are present in most cases. A gene sm which 
GREGORY (1928) has described as reducing eye pigmentation has not been 
present in this stock. 

The primary basis for assignment of genotype in cases of overlap is pedigree. 
Except for tests of doubtful cases, matings have been largely restricted to 
animals whose genotypes were considered certain in the significant respects, 
from color and ancestry, and matings have usually been made in such a way as 
to avoid segregation of genotypes likely to be confused. The genotype as- 
signed each mated animal is consistent with its own appearance, with the 
genotypes of its parents and through these with those of all of its ancestors to 
the beginning of the records. It is consistent with the colors of its offspring 
and with the genotypes assigned all mated offspring and through these with 
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the colors and genotypes assigned to all descendants to the end of the period 
studied. Where alternative interpretations have been possible this has been 
indicated in the records. The greatest difficulty has been caused by a few cases 
in which animals considered homozygous in some respect on the basis of fairly 
extensive evidence have turned out to have been heterozygous by the appear- 
ance of recessive segregants two or more generations later. No unexpected 
color has appeared in this series in which mutation seemed, after careful study, 
to be the most probable explanation. 


EXTRACTION OF PIGMENT 


The method of extracting eumelanin from hair samples was essentially that 
described by HEIDENTHAL (1940) except that filtration was substituted for 
centrifugation. It involved the following steps. (1) The hair was washed in 0.1 
percent sodium lauryl sulphate (Dreft), (2) placed in nichrome baskets and 
rinsed four or five times with hot distilled water, (3) dried in an oven at 90° 
100°C, (4) placed in apparatus devised by RussE Lt (1939, p. 342) and exposed 
there to dripping distilled ether for five days, (5) dried. (6) Two samples of the 
dried hair from each animal were weighed (samples of about 100 mgm from 
the darker colors, of about 200 mgm for the paler colors and white). (7) These 
were boiled in a glass reflux condenser for 13 to 2 hours with 50 cc of 6N HCl to 
dissolve the keratin. (8) The pigment was collected by filtration through an as- 
bestos mat in a Gooch crucible. (9) The mat with pigment was washed with 
distilled water until the filtrate was free of Cl as indicated by the absence of 
reaction with AgNOs3. (10) The mat with pigment was put in a reflux flask. (11) 
The sides of the crucible were washed with KOH and the washings were added 
to the flask. (12) Amounts of 0.2N KOH, varying from 15 cc to 75 cc according 
to amount of pigment were put in the flask and boiled three hours. (13) the 
contents were passed through a Gooch crucible (which collected the asbestos) 
and a funnel with filter paper into a volumetric flask. The asbestos was 
squeezed with a glass rod and washed with KOH into the flas’: until the de- 
sired volume was reached. 


COLORIMETRY 


A large quantity of a standard solution was prepared from black hair. The 
solutions from hair samples were compared with this in a Klett Biometer, 
adjusting the concentrations so that the depths in the cups were approxi- 
mately the same. Each of the two samples from an animal was read against 
standard ten times, five times in the left cup and five times in the right cup. 
The positions of the cups were never changed. Sample A was also read against 
sample B five times in each cup and sample B was read against sample A five 
times in each cup. 

The amount of error in the colorimetry can be compared with that involved 
in taking a sample of hair and preparing a solution from it. The average read- 
ing (R;) of A against B is affected by possible real differences in intensity, by 
the errors of preparation of the two samples and by the colorimetric error of 
the average of ten readings. The reciprocal (Re) of the average reading of B 





DETERMINATION OF MELANIN 227 
TABLE 1 


Statistical analysis of colorimetric tests of the darker colors (dark sepia, dark brown) and of the 
paler colors (pale sepias, pale browns, whites). R, is the average of ten readings of sample A against 
sample B. Rz is the reciprocal of the average of ten readings of sample B against sample A. S ts the 
ratio of the average of ten readings of sample A against standard to the average of ten readings of 
sample B against standard. The table shows the mean and standard deviation of each of these ratios, 
the correlations among them and all of the standard errors. 





























DARK EUMELANINS (76 CASES) PALE EUMELANINS (75 CASES) 
RATIO R SER o SE, R SER o SE, 
Ri .9991 + .0053 .0460 + .0037 .9951 + .0076 -0656 + .0054 
Re .9935 + .0054 .0471 + .0038 -9931 + .0075 -0651 + .0053 
Ss .9993 + .0059 -0512 + .0042 -9923 + .0088 .0758 + .0062 
RATIOS r SE, T SE, 
RiR2 .977 +.005 .992 +.002 
RS .895 + .023 -935 +.015 
= + .016 


RS 883 


.025 -931 





against A is affected by the same differences and errors of preparation but by 
the independent colorimetric error of the average of ten different readings. The 
ratio (S) of the ten readings of A against standard to those of B against stand- 
ard is again affected by the same differences and errors of preparation but in 
this case by the average errors of two independent sets of readings. 

It seems desirable to consider separately the tests from the relatively in- 
tense dark eyed sepias and browns and those from the relatively pale pink-eyed 
sepias, pink-eyed browns, and albinos. Table 1 shows statistics relating to each 
of the three ratios referred to above and to the correlations among them. It 
may be seen that the means of the ratios are all close to 1. The variances in the 








a cs R, 
d 
Cs c 
D ch S 
c 
Ce d 
C <---$ R, 





case of the paler samples are about twice as great as in the case of the darker 
ones, indicating greater reliability of the ratios in the latter case. Ratios Ry 
and Rz show a coefficient of variability of 4.7 percent for the darker colors, 
6.5 percent for the paler ones. As might be expected the coefficients of vari- 
ability of S are somewhat greater (5.1 percent for the darker colors, 7.6 percent 
for the paler ones) since these involve two opportunities for colorimetric error 











228 SEWALL WRIGHT AND ZORA IVASKA BRADDOCK 


instead of one and the colorimetry involves matching of extracts from differ- 
ent genotypes with a single standard instead of mere matching of two samples 
from the same animal. The correlations are all high. 

The factors underlying the deviations in the ratios are indicated in the ac- 
companying figure. D represents real differences plus errors of preparation 
between A and B, while C,, C2, C3 and Cy are mean colorimetric errors of 10 
readings in matching A against B, B against A, A against standard and B 
against standard respectively. 

It is assumed that the colorimetric errors are all independent of each other 
and of the differences between samples from the same animal. The variances of 
R, and R2 can each be analyzed into two independent components. 


9 9 9 
op = o*R(D) + o’RO)- 


Here o’p(p) = d’o"p, and oa) =c?o*R where d? and c? measure the degrees 
of determination of R by D and C respectively. The value of d? can be esti- 
mated from the equation rj2.=d?. 


Samples from dark eyed animals 








d?#= .9767 o’R(p) = .002117 oR(pD) = .0460 

c? = .0233 oa) = .000050 orc) = .0071 

1.0000 on = .002167 or = .0465 
Samples from pink eyed animals 

d? = .9923 o*R(p) = .004234 oR(D) = .0651 

c? = .0077 oa) = .000033 orc) = .0057 

1.0000 ot = .004267 on = .0653 


This analysis indicates that the colorimetric error of the average of ten 
comparisons of two preparations from the same animal is measured by a co- 
efficient of variability of only 0.7 percent (dark eyed) or 0.6 percent (pink 
eyed). This source of error is negligible in comparison with that due to errors 
of sampling and preparation. 

In the case of the ratio of the comparisons of A and B with standard we have 


9 9 9 
o°s = O° Ss(D) +. 207sc)- 


The variance due to differences between A and B should remain the same 
(o*s@)=o°a@m)) giving the equation o°%sc)=}(o*s—o*Rw)). This yields 
osc) = .000253, os) =.0159 in the case of dark eyed animals and o’s@ 
= .000740, osc) = .0272 in the case of the pink eyed ones. 

The colorimetric error in the average of ten comparisons with standard is 
thus considerably greater than in matching two preparations from the same 
animal (CV =1.6 percent instead of 0.7 percent for the dark eyed, 2.7 percent 
instead of 0.6 percent for the pink eyed). Nevertheless it is less than the errors 
of sampling and preparation of one sample (.707 crw)), 3.3 percent for dark 
colors, 4.6 percent for the pale ones. 
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The correlation between ratio R; (or Re) and S should be given by dd’ 
=o*Rp)/oros. This yields .888 for the dark eyed animals which is unexpectedly 
close to the observed values .895 and .883. The estimated value .855 for the 
pink eyed animals does not however agree well with the observed values .935 
and .931, but does not disagree sufficiently to invalidate the principal conclu- 
sions. The total standard error of sampling, preparation and colorimetry of 
the average of two samples is .50cs or 2.6 percent for the dark color, 3.8 per- 
cent for the pale ones. 


RELATIONS BETWEEN COLORIMETRIC VALUE AND GRADE 


It was shown in previous studies (RUSSELL 1939, HEIDENTHAL 1940) that 
the coefficients of variability of the colorimetric values for the various grades 
are more nearly constant than are the standard deviations. This suggests that 


TABLE 2 


Regressions of log M (where M is the geometric mean of colorimetric values) and of log (M-+6) on 
grade, and analysis of the variance about the regression lines. Four series of colors are considered 
separately. Statistical data are also given for white. n is the number of individuals, k the number of 
grades, = the mean grade, yo the estimated value of y at grade O, SE;(=c, z(totat//n) the standard 
error of 3, b the regression coefficient, SEy(=cy .2(totat)/¢z/n—2) the standard error of the regression 
coefficient. The variance about the regression line is analyzed in the usual way. F is the ratio of the 
“‘between”’ estimate ((k—2) degrees of freedom) to the “‘within’’ estimate ((n—k) degrees of freedom) 
and Prob. is the probability that accidents of sampling might give as much variability of log M or of 
log (M+6) about the regression line as observed (from Fisher & Yates tables 1938). 


ESTIMATES OF o*y.x 
COLOR y os & x y SE b eT ae ki a ree PROB. 
. — 7 b  4wirn-  “BE- “To- 
‘ 


IN” TWEEN” TAL 


.7857 .0176 .0611 .0051 .00949 .00694 .00902 .73 >.20 


D Sep log M 29 7 17.276 


P Sep * 42 11 6.167 .5087 .0123 .0906 .0039 .00445 .01307 .00639 2.94 .01-.05 
D Br - 47 8 14.021 .7596 .0120 .0610 .0062 .00597 .01170 .00673 1.96 .05-.20 
P Br - 21 7 6.095 .3941 .0220 .1042 .0102 .00796 .01650 .01021 2.07 .05-.20 
WwW * 12 : * -4660 .0186 _ — -00414 — — ~— —_ 

D Sep log(M+6) 29 7 17.276 .9159 .0163 .0559 .0047 .00803 .00644 .00773 - 80 >.20 
P Sep - 42 11 6.167 .9108 .0078 .0582 .0025 .00175 .00520 .00258 2.97 .01-.05 
D Br ba 47 8 14.021 .9417 .0104 .0524 .0054 .00458 .00806 .00504 1.76 .05-.20 
P Br ba 21 7 6.095 .8592 .0153 .0620 .0071 .00408 .00722 .00491 1.77 .05-.20 


Ww ° mo 1 6 .9504 .0060 - = .00044 


the logarithms are distributed more normally than the actual values and that 
logarithms of colorimetric values are preferable in statistical studies. 

It was also shown in the previous studies that there is a roughly linear rela- 
tion between the logarithms of the colorimetric values and the grades, as ex- 
pected if the successive grades, chosen to give barely perceptible steps, differ 
by a constant percentage. 

Table 2 (top 5 rows) shows an analysis of the present data from this stand- 
point. The dark sepias, pale sepias, dark browns and pale browns and whites 
are considered separately. 

The most significant deviation from linearity is found in the case of pale 
sepias (probability between .01 and .05). The slopes are virtually the same in 
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the cases of dark sepia (b=.0611) and dark brown (b=.0610) but are much 
greater in the cases of pale sepia (b=.0906) and pale brown (b=.1042). Thus 
it is obvious that the relation of the logarithms of colorimetric value to grades 
can not be treated as linear over the entire range of either sepias or browns. 
Since the colorimetric values in the region of overlap of the dark and pale 
colors (grade 11 in the case of sepia, grade 9 in the case of brown) are rather 
similar it appears possible that satisfactory linear relations might be obtained 
by using a different function of the colorimetric values. By using log (M+a) 
for log M, where M is the geometric mean of the colorimetric value V, and a is 
a positive constant the slope is reduced more at low grades than at high ones. 
It was found by experiment that the function log (M+6) makes the slopes 
more nearly alike than with any other integral value of a. The lower five rows 
in table 2 give the statistical analysis using this function. The variance within 
grades was estimated by multiplying the original sum of squares at each grade 
by [M/(M+6)]? since 6 log (V+6)=6V/(V+6) and 6 log V=6V/V, ap- 
proximately, with the consequence that o? jog cvs) =[V/(V+6)]* o710¢ v- This 
transformation was tested in four cases (10 blacks of grade 21 (M=115.64), 
10 browns of grade 16 (M=49.35), 10 browns of grade 15 (M = 44.09), and 12 
whites (M=2.22) by finding log (V+6) for each individual and calculating 
o7iog (vis) Without approximation. The ratios of the estimates to the 
actual values were .992, 983, .999 and 1.066 respectively, indicating that the 
transformation is sufficiently accurate, except possibly for the palest colors. 
In order to test for possible changes in the standard solution, log M. was 
estimated for each grade in each series of colors on the basis of the linear re- 
gression of log (M+6) on grade, and the deviation (d) of the logarithm of 
each colorimetric value (log V) was found. The correlation between this devia- 
tion and the time (t) in months from the beginning of the experiment, between 
this deviation and the grade (x) assigned the animal in question and between 
time and grade, and other statistics necessary for calculating the partial re- 
gression of deviation on month for a given grade are given in table 3. 


TABLE 3 


Statistical properties of the distribution of colorimetric determination with respect to time (t) 
(months since beginning of the experiment), grade (x), deviation (d) of individual determinations 
from log M. where M, is derived from the linear regression of log (M-+-6) on grade. The regression of 
deviation on time for a given grade is estimated from the correlations rat, Ttz, Taz and the standard 
deviations. The grand average (weighting by the inverse squares of the standard errors) indicates fading 


— GRADE ne CORRELATIONS REGRESSION 
ai , Rh NS eT a} I 

Poe (MONTHS) log V —log Me 

t o% x ox d od Tdt Tix Tdx bat-x SEpb b/SE 
D Sep 29 2.62 2.78 17.28 3.50 +.0002 .094 494 —.084 —.007 +.0169 + .0058 2.9 
P Sep 42 7.26 3.05 6.17 3.22 —.0003 .077 .236 —.575 —.016 +.0085 +.0039 2.2 
D Br 47 5.26 5.77 14.02 1.94 +.0003 .082 -568 —.212 +.016 +.0085 + .0018 4.7 
P Br 21 7.38 4.95 6.10 2.21 +.0004 .111 493 —.113 —.090 +.0110 +.0046 2.4 
WwW 12 11.42 2.58 0 0 —.0004 .064 .708 — _— +.0177 +.0056 3.2 
Total 151 +.00985 + .00141 7.0 
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It may be seen that there is a significant positive partial regression in each 
series of colors. The grard average is a regression of +.00985+.00141 per 
month, which indicates a fading of standard at the rate of 2.24 percent per 
month or 8.7 percent in four months. This is somewhat greater than a rough 
estimate made by HEIDENTHAL (6.5 percent during the four months in which 
her data were obtained). 

The greatest regression was in 12 whites (+.0177 + .0056) in which the color 
measured is due wholly to melanoids resulting from the treatment. These 
were determined relatively late in the experiment (mean month 11.4). Nearly 
as great a regression was, however, found among 29 dark sepias (+.0169 


TABLE 4 


Means and standard deviations of logarithms of colorimetric values in three series. Those from 
present data (ZIB) are corrected for fading of standard, the means obtained by GH are adjusted to the 
same standard by subtracting .1054, the colorimetric values of ESR are reduced by 9 and log M is ad- 
iusted to the same standard as the others by subtracting .1074, as discussed in the text. 

















DARK SEPIA DARK SEPIA DARK SEPIA DARK BROWN 
(ZIB) (GH) (ESR) (ZIB) 
x n log M’ ctv’ n log M’ otcgv n logM ctv n log M’ otogv’ 
21 10 2.063 .070 18 2.048 .063 9 2.021 .044 
20 13 2.004 .059 S isn .080 
19 5 1.881 .132 17 1.894 -068 6 1.927 .098 
18 10 1.841 .065 1 1.866 —_— 
17 9 1.763 .093 2 1.826 073 > i.7m .074 
16 5 1.685 .030 4 1.786 .037 1 1.847 — 10 1.693 .076 
15 7 1.677 .042 6 1.701 .100 10 1.644 055 
14 3 1.612 .057 6 1.608  .083 2 1.633 .000 5 1.543 .079 
13 3 1.580 .120 2 1.574 .019 3 1.562 .052 7 1.520 = .087 
12 2 1.58 2 1 1.484 ~- 1 1.33 ©6082 
11 1 1.404 4 1.360  .016 
10 
9 i. 0.27 — 
PALE SEPIA PALE SEPIA PALE BROWN 
(ZIB) (GH) (ZIB) 
x n log M’ otogv n logM ctv n log M’ cig v’ 
12 1 435 — 
11 3 1.366 .017 2 1.410 .051 
10 S 1.336 .064 1 1.486 — 
9 7 1.303 .061 1 1.265 —— 
8 2 4.0m .023 6 1.138 .105 
7 4 1.037  .080 S 1.006 .035 
6 2 .983 .054 $1067 O85 
5 2 io. 2 
4 5 .802 .031 2 .582 = .058 
3 5 .680 .089 3.629 ~=.050 
2 eS Me -- 
1 2 .478 ~=.003 : — 
0 12 #&.347 ~=.050 
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+.0058) which, as a group, were determined early (mean month 2.6). There 
seems no reason to attribute any reality to the differences among the regres- 
sions or to assume anything other than a uniform rate of fading of the standard. 

Every individual log V was accordingly corrected for fading of the standard 
by subtracting .00985 t where t is the number of months (taking account of 
fractions) since the beginning of the experiment. Table 4 shows the corrected 
means (y=log M’=log V’ and the standard deviations of the corrected values 
(ciog v') for each grade from the determinations of the junior author (ZIB), 
as well as for previous determinations, adjusted as described below, to the same 
standard. 

It is desirable to combine these determinations with those obtained by 
RussELt (1939) and HEIDENTHAL (1940). The latter made colorimetric deter- 
minations of 86 dark sepias and 4 pale sepias but no browns. The former used 
a wholly different technique, titration of extracted pigment with KMnQO,. 
Only the dark sepias (36 in number) and dark browns (6 in number) will be 
considered as the results by this method for the paler colors were (as noted) 
too erratic to give more than the order of the amount of pigment. 

HEIDENTHAL gives the mean colorimetric values (V) and the standard devi- 
ations (cy) for the various grades (her table 4). To compare with the present 
data, the values of log V and ojog y Should be obtained for each gradé. It was 
deemed sufficiently accurate to use the transformation formulae based on the 
assumption of normal variability on the logarithmic scale 


Togio V = logio V — 4 logio [1 + (o+/V)*] 
ogy = -4343 logio [1 + (0,/V)?]. 


RussELv’s data are less directly comparable both because of the difference 
in method referred to above and because 100 mgm of black pigment of known 
permanganate value were added to each sample following a suggestion of 
EINSELE (1937). It is estimated that the permanganate value for white (12 
on the scale used) consisted of about 9 parts due to added black and 3 parts due 
to melanoids. Thus 9 has been subtracted from the permanganate numbers 
as published (RussELL’s table 11). Estimates of log V and ojcg y were then cal- 
culated as above. 

As the standards used in these three series of experiments were not related, 
it is necessary to determine the relations among them from internal evidence. 
This might be done either from comparisons of the logarithm of the colorimet- 
ric values of grades or of the genotypes. As the ultimate object is to obtain 
combined estimates of genotypes, it seemed best to use the logarithms of the 
colorimetric values of the grades in adjusting for differences in the standards. 
This in turn could be done either by comparison of the regression lines or by 
averaging the differences at different grades. As no determinations were made 
of several of the grades of sepia in the present data, the best method here seems 
to be that of finding the difference between the two regression lines to be com- 
pared at that point (x) at which the standard error of the difference is mini- 
mum: Letting y; and y2 be the estimated values of y (=log M’) in the two 
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bodies of data at the same value of x, 
yi = Vi + Dil(x — &) oy, = o75, + (x — £:1)%e%s, 
= V2 +. be(x _ Xo) o*,, => Cs — (x — X2)?o%,,. 
We wish to find the value of x at which o*y,_y,) is minimum. 


d 
reg o*1y, er (oy, > o*y,) = 2(x =) X2)o71, + 2(x aa %i)o*s, =@ 
dx dx 


xX = (Xi0%», + X207p,)/(o%, + o7b,). 


TABLE 5 


Statistical analysis of three series of colorimetric determinations of dark sepia. Mean logarithms of 
colorimetric values (y) related to grade (x). Symbols as in table 1. 





ESTIMATES OF o°y.x 





D sEP y a & FA yo SE; b SEb ae tS $56. F ss PROB 


IN” TWEEN” TAL” 





ESR logM 36 10 17.778 .9908 .0122 .0539 .0042 -00575 .00390 .00531 -68 >.20 


GH logM 86 9 18.291 .8443 .0073 .0620 .0032 .00441 .00612 .00455 1.39 >.20 
ZIB logM’ 29 7 17.276 .7411 .0156 .0619 .0045 -00731 .00593 .00706 .81 >.20 


Table 5 gives the principal statistics for comparison of the results of RUSSELL 
(ESR) and HempENTHAL (GH) with those of the junior author of this paper 
(ZIB) in the case of dark sepias. The slopes are virtually identical in HEIDEN- 
THAL’s and the present data (.0620 versus .0619). Thus the difference between 
the regression lines is nearly the same at all grades. However, the grade at 
which the standard error of the difference is minimized comes out 17.607 by 
the above formula for x. At this grade the value of y from HEIDENTHAL’S 
data is 1.9360 and in the present data is 1.8306. The difference .1054 has ac- 
cordingly been subtracted from all values of log M from HEIDENTHAL’s data 
to reduce them to the same standard as in the present data. The same adjust- 
ment has been applied to the four values for pale sepias in her data. These 
adjusted values (log M’) as well as the estimates of oicg y are given in table 4. 

Because of the difference in method it has not seemed desirable to combine 
RuSSELL’s data with those of HEIDENTHAL and BRappockK in obtaining a 
formula for transforming grades into colorimetric values. It is, however, im- 
portant to make comparisons as far as possible in order to use her figures for 
genotypes. It turns out that the grade at which the standard error of the 
difference is minimum is 17.845 (for dark sepias). The calculated ordinate at 
this grade is 1.9526 in RussELt’s data and 1.8452 in the combined data of 
HEIDENTHAL and Brappocx giving .1074 as the quantity to be subtracted from 
RussELv’s figures to bring them into comparability. The adjusted figures and 
the estimates of ojog y are given in table 4. 

The values of log (M’+6) from the present data (corrected for fading of 
standard) have been combined with HEIDENTHAL’s (after adjustment to a 
common standard as above). These are shown for each grade in each series of 
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colors in table 6. Table 7 gives an analysis of the relations between log (M’+6) 
and grade (x) in the various eumelanic series separately and on combining pale 
sepia with dark ‘sepia and pale brown with dark brown. The slopes are all 
closely similar (.056 to .058) and in no case do they differ significantly. 


TABLE 6 


A function of the colorimetric values (data from GH and ZIB adjusted to a common standard and 
combined) which gives approximately linear relations to the color grades assigned at birth. 




















DARK SEPIA DARK BROWN PALE SEPIA PALE BROWN 
TOTAL TOTAL TOTAL TOTAL 
s a log o n log o > log o n log o 
(M’+6) (M’+6) (M’+6) (M’+6) 
21 28 2.075 .062 mzm@iis— 
20 13 2.029 .055 11 5 1.480 .030 
19 22 1.923 .077 10 6 1.473 .063 
18 10 1.877 .060 9 7 1.417 .047 1 1.38 — 
17 9 1.806 .084 3 1.768 .067 8 2 1.306 .016 6 1.296 .073 
16 9 1.776 .055 10 1.743 .068 1 4 1.23 Ge Ss ia 
15 7 1.729 .037 10 1.700 .049 6 2 1.194 .033 3 1.241 .035 
14 9 1.669 .062 5 1.612 .068 S$ 2 1.290 .0@ 
13 5 1.642 .074 7 1.592 .074 4 5 1.091 .016 2 .992 .023 
12 2 1.597 .078 7 1.477 .042 3 5 1.033 .040 3 1.011 .021 
11 1 1.496 — 4 1.466 .013 » .975 .028 
10 ae 954 1.000 1 947 — 
9 1 1.359 — 
0 12 915 .014 
TABLE 7 


Statistical analysis of combined colorimetric determinations of all eumelanic colors. Log (M'+6) 
where M’ is corrected geometric mean, related to grades. Symbols as in table 1. 








ESTIMATES OF a’y-x 





COLOR y n k x Yo SEy b SEp F PROB 


“wiTH- “BE- “To- 
IN” 


D Sep log(M’+6) 115 11 18.035 .8765 .0061 .0564 .0023 .00426 .00518 .00434 1.22 >.20 





P Sep ° 46 12 6.587 .8688 .0071 .0578 .0021 .00170 .00445 .00233 2.61 .01-.05 
Total 

Sep ” 161 23 14.764 .8768 .0048 .05644 .0008  .00363 .00434 .00373 1.19 >.20 
D Br = 47 8 14.021 .8202 .0085 .0576 .0044  .00342 .00323 .00339 .94 >.20 
P Br . 21 7 6.095 .8365 .0121 .0580 .0056  .00232 .00525 .00309 2.26 .05-.20 
Total 

Br - 68 15 11.574 .8466 .0069 .05579 .0017 .00313 .00361 .00322 1.15 >.20 
Ww = = a2 8 -9150 .0039 a — -00018 _ 00018 — 





The grade at which the standard error of the difference between the calcu- 
lated values for log (M’+6) for dark sepia and pale sepia is minimum comes 
out 12.740. The calculated value for log (M’+6) for dark sepia is here 1.595 
and for pale sepia 1.606, with a difference of .011 + .020 which is not significant. 
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In view of this and of the close similarity of the slopes it is legitimate to fit a 
single line to all of the sepias. The analysis of variance in table 7 (line 3) shows 
that the deviations from linearity are not significant. The formula for this line 
is as follows 


log (M’ + 6) = .8768 + .05644x. 


This may thus serve as a means of transforming observed average grade into 
log (M’+6) and ultimately geometric mean (M’) for any genotype. Fig. 1 


log (M+6) 


2.0- 





0 2 4 6 g8 10 12 & 6 I 2021 
Grade 


FiGurE 1.—Values of log (M’+6) plotted against visual grade of pale sepia (open circles) and 
dark sepia (solid circles). M’ is the geometric mean of the colorimetric value, after correction for 
fading of the standard. The formula of the regression line is log (M’+6) =.8768+-.05644x. 


shows the relations between the values of log (M’+6) for sepias (see table 6) 
and the fitted line. 

Similarly in the case of the dark and pale browns, the grade at which the 
standard error of the difference of the regression lines is minimum comes out 
9.130. The calculated values of log (M’+6) are here 1.346 for dark brown and 
1.366 for pale brown with an insignificant difference .020 + .028. The slopes are 
very similar again making it legitimate to calculate a single regression line 
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log (M’ + 6) = .8466 + .05579x. 
The deviations from this line are shown in table 7 (line 6) to be insignificant. 
The relations between the values of log (M’+6) for browns from table 6 and 
the fitted line are shown in fig. 2. 


In the case of the dark sepias and dark browns, the grade at which the 
standard error of the differences is minimum is 14.871. The calculated values 


109 (M+6) 


1.8 





7 «4 £& & 8 42 wee eS 
Grade 
Ficure 2.—Values of log (M’+6) plotted against visual grade of pale brown (open circles) and 
dark brown (solid circles). M’ is the geometric mean of the colorimetric value, after correction for 
fading of the standard. The formula of the regression line is log (M’+6) =.8466+.05579x. 


of log (M’+6), 1.715 for dark sepias, 1.676 for dark browns, differ by .039 
+.0135, which is significant. The pale sepias and pale browns differ in the 
same sense although with less significance. The grade at which the standard 
error of the difference is minimum is 6.385. The calculated values of log 
(M’+6), 1.238 for pale sepia and 1.206 for pale brown, differ by .032+.015. 

On comparing the regression lines for total sepias and total browns the slopes 
(.0564 and .0558 respectively) do not differ significantly (.0008+ .0019) but 
the values of log (M’+6) for sepias are systematically high. The point at which 
the standard error of the difference is minimum is 12.196. The calculated 
values of log (M’+6) are 1.565 for sepia, 1.527 for brown, with a difference 
of .038+.008 which is highly significant. 

There is no necessity that pelts which appear of the same intensity to the 
eye should yield solutions of the same colorimetric value. One might have such 
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small granules that all of the pigment functions almost alike in the absorption 
of light while the other might have such large granules that light never reaches 
the interior. Thus E. S. Russert (1946) has shown that in mice “dilute” 
blacks (genotype dd) actually have as much or more pigment than intense 
blacks, but have larger globules and so appear paler. While there are marked 
histologic differences between the pigment granules of pale and dark sepias 
and of pale and dark browns it appears that they are not sufficient to cause 
any appreciable error in estimating colorimetric value from superficial appear- 
ance. In the case of sepias and browns, on the other hand, it appears that there 
is a systematic error, leading to overestimation of the colorimetric value of 


TABLE 8 


Means and standard deviations of logarithms of colorimetric values of genotypes of eumelanic 
varieties in three series, adjusted to a common standard. 





ESR GH ZIB 


EBP n log M Flog V n log M SlogV n log M’ SlogV 
C- 7 2.015 .063 16 2.042 .066 10 2.063 .070 
ckck 3 1.927 .100 1 1.892 — 
ctc4 2 1.879 0 10 1.887 .071 
cker 1 2.089 = 3 2.000 .083 
ckca 1 1.852 - 7 1.839 .048 3 1.799 .023 
ctcr 8 1.930 .102 8 1.948 .104 2 .005 .136 
cies 8 1.581 .129 10 1.637 .081 5 1.33 .087 
cc" 3 1.972 .076 8 2.026 .061 
crc 6 1.714 .100 17 1.729 .096 9 1.631 .103 
EBpp 
C- 4 1.435 .045 21 1.266 .123 
EbbP 
C- 5 1.748 .046 16 1.68: , 
ckca 1 1.762 — 4 1.557 .073 


browns if the transformation formula for sepias is used. This is probably not 
due to differences in granule size although there may well be a difference 
similar to that found by RussELt in mice. It may be due to the fact that the 
grades are based on the exposed distal portion of the hair while the colori- 
metric values are based on the whole hair. The lower colorimetric value of 
grades of brown as compared with sepia may thus indicate a relatively lower 
intensity in the proximal portion of the hair in the browns. It may also be 
noted that sepias respond to the lower temperatures to which the skin is ex- 
posed after birth by increased pigmentation while browns do not to an appreci- 
able extent. Since the hair samples for colorimetric determination were taken 
two or three weeks after birth, it is not unlikely that the same transformation 


function would apply to the pigment that develops in the two series of colors 
before birth. 
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Logarithms of geometric means of colorimetric values, 


color varieties. The geometric means, adjusted to give 100 for genotype EBCP 





EBP n 

C- 33 
ckck 4 
ctc4 12 
c*cr 4 
ckc* 11 
ctr 18 
ctc* 23 
ee 11 
oc* 32 
Av. 

EBpp 

C- 25 
ckck 1 
ckc* 6 
otc’ 3 
ct 8 
cc* 3 
Av. 

EbbP- 

C- 21 

ad oad 1 
cher 1 
ckc* 5 
céc* 10 
cc 2 
c'c* 13 
Av. 


C- 15 
c*c* 2 
ctc* 3 
cc? 1 
Av. 


White 12 


TABLE 9 
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of all series combined, for genotypes of eumelanic 


(intense black) are also given. 
EBCP=100 


2.04: 017 
1.918 048 
1.886 028 
2.022 .048 
1.829 029 
1.946 .023 
1.600 .020 
2.012 029 
1.698 .017 
1.293 .019 
1.085 .097 
.825 .039 
.7196 .056 
.630 .034 
.520 .056 
1.698 021 
1.782 .097 
1.654 .097 
1.598 .043 
1.3%5 .031 
1.641 .068 
1.509 .027 
1.096 025 
.582 .068 
629 .056 
455 .097 
347 .014 


Tlog V 


.067 
.083 
.064 
.081 
.043 
. 102 
.103 
.066 
.105 


.086 


.130 


.163 
.022 
.149 
.035 


.074 


113 
.047 
.052 
.128 


.091 


.095 
.058 
.050 


.089 


.050 


M” SI 
100.0 3. 
74.5 8. 
69.1 4. 
95.2 10 
60.4 4. 
79.7 4 
34.8 1 
93.0 6 
44.1 1 
16.1 0 
9.2 z: 
4.1 0 
3.7 0 
1.9 0 
1.0 0 
44.1 2 
53.9 12 
39.7 9 
34.6 3 
19.9 1 
38.4 6 
27.8 1 
9.5 0 
| 0. 
1.9 0. 
0.6 0. 
0.0 
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GENOTYPES 


Table 8 shows the estimated value of log M and of oig y for the eumelanic 
genotypes measured by RussELL and HEIDENTHAL in comparison with those 
of tle junior author, after reduction to a common standard. For the most 
part there is good agreement where the numbers are at all adequate. Table 9 
shows the averages and standard deviations of eumelanic genotypes on 


TABLE 10 


Means and standard deviation of logarithms of colorimetric values of yellows in two series and in 
combinations of these. The values obtained by GH are increased by .2558 to adjust to the same standard 
as those obtained by ESR. The last two columns give the values of the function log (M+-10) and the 
corres ponding standard deviation as a function which gives a more nearly linear relation to grade than 
does log M. 








ESR GH — 

x n_ logM  otog n logM — otcg n lgM 7 (4.10) 4 
231s CK 3 2.521 .037 4 2.497 .057 2.511 .055 
11 9 2.472 .085 6 2.430 .053 15 2.455 .081 2.470 .078 
10 15 2.449 091 13 2.413 .081 28 2.432 .087 2.448 .084 
9 2 2.349 .034 6 2.317 .062 8 2.325 .056 2.345 .053 
8 6 2.123 .145 5 2.181 .053 11 2.149 .112 2.179 .105 
7 34 2.002 .113 27. «2.041.071 61 2.019 .098 2.059 .089 
6 12 1.881 .094 10 1.983  .086 22 1.927 .097 1.976 .086 
5 17 1.778 .129 7 1.858 .108 24 1.802 .126 1.865 .109 
4 22 1.731 .098 13 1.616 .099 35 1.688 .112 1.769 .093 
3 22 1.535 .124 7 1.474 .182 19 1.512 .127 1.629 .097 
2 4 1.368 .093 2 1.375 .062 6 1.371 .078 1.525 .054 
: 3) 7 = 3 1.050 .100 4 1.059 .084 1.332 .045 
0 3 1.068 .096 4 1 7 1.035 .070 1 


.010 = .038 


.319 = .037 





combining all of the results. The standard deviation is based on the formula 
total = L[(n—1)o?+n(y—¥)*]/(2n—1) where y is the mean, o the standard 
deviation and n the number of cases in a series of determinations and y Ctotal 
and <n the corresponding statistics of the total. The standard error of log M 
is based on a generalized standard deviation (.0965) obtained from all classes 
except the whites. The whites differ from the others in that the standard 
deviation is entirely experimental error while in the other cases there are un- 
doubtedly real variations in amount of pigment in what was called the same 
grade. Geometric means (M”) are given on a scale in which the amount of 
pigment in genotype EBCP is 100 by the formula 


M” = .92515[M’ — 2.22] 
which involves subtraction of a term 2.22 from M’ to allow for melanoids (which 


give a spurious colorimetric value to white) and multiplication by the appropri- 
ate factor. The standard errors (generalized) were obtained by the formula 


SEm~ = .92515 X 2.3026M’ X .0965/4/n = .2055M’/+/n. 
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YELLOW GRADES 


While no new data have been obtained for phaeomelanic grades and geno- 
types, it is desirable to put those obtained by RussELL and by HEIDENTHAL 
in the same form as used here for the eumelanic ones. Log M and oicg y were 
estimated from the published data by the method described earlier. The re- 
sults are shown in table 10 after addition of a constant term (.2558) to HEr- 
DENTHAL’S figures to adjust them to the same standard as RusSELL’s. This 
term was calculated in a different way from that used above. Regression of 
log M on grade is roughly linear as noted by the authors but the deviations 
from linearity (analyzed in table 11) are significant. These deviations are of 


log (M+i0) 


2.4 


2.2 


2.0 





0 ! as =». 2 & & F-@ 7 0 I 
Grade 
Ficure 3.—The values of log (M+-10) plotted against visual grade of yellow. M is the geometric 
mean of the colorimetric values estimated from the data of E. S. RusseELt and G. HEIDENTHAL. 
Visual grades 9, 10 and 11 are raised to 9.25, 10.25 and 11.25 to allow for an apparent excessive 


gap’ between grades 8 and 9. The formula for the regression line, based on grades 1 to 8, is log 
(M-+10) =1.3148+-.10801x. 


such a nature as to indicate imperfection in the scale of grades which can not 
be wholly corrected by the type of transformation used in the case of the eu- 
melanins. There is too great an increase in colorimetric value from grade 8 
to grade 9 and too little beyond grade 10 in both series. Since there is consid- 
erable parallelism in the numbers tested at the various grades by RUSSELL 
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TABLE 12 


Means and standard deviations of logarithms of colorimetric values of genotypes of phaeomelanic 
varieties in two series adjusted to a common standard and in the combination of these. Standard errors 
of the means (combined data) are based on a generalized standard deviation (o\ogy =.1168) derived 
from all classes excluding white. The geometric means and their standard errors are given in the next 
to the last column on a scale on which that for eeCFF (intense red) is 100. 


Yellow 


ESR GH Total 
eeF PF n logM otgv n logM ogy n Log M+SEngv otugv M” + SExy” 


Co | 


C- 27 2.448 .089 28 2.408 .089 





55 2.428 .016 .090 100.0 3. 
chek 10 1.970 .079 8 1.952 .059 18 1.962 .028 .070 31.5 2.3 
chet 6 1.987 .150 1 2.042 — 7 1.995 .044 .139 34.3 3.9 
cic 23 2.037 .144 21 2.078 .082 44 2.056 .018 .119 40.1 1.8 
cher 13 1.773 .120 1 1.518 — 14 1.755 .031 .134 17.9 1.6 
ches 4 1.687 .044 4 1.965 .104 8 1.826 .041 .153 21.8 2.5 
cder 19 1.750 .140 10 1.796 .137 29 1.766 .022 .140 18.5 1.1 
cies 18 1.664 .134 1 1.701 — 19 1.666 .027  .131 13.8 1.1 
eeff 
Cc 7 1.943 .068 11 2.049 .093 18 2.008 .028 .098 35.4 2.5 
chek — 2 1.004 .083 2 1.004 .083 .083 0 0.8 
ete 10 1.423 .146 10 1.408 .144 20 1.415 .026 .141 5.9 0.6 
Effpp 
c- 2 1.669 .048 — 2 1.669 .083 .048 13.9 3.5 





White 3 1.068 .096 4 1.010 .038 7 1.035 .044 .070 0 C.3 


and HEIDENTHAL, it appears that the term for reducing to a common standard 
can be obtained better from the weighted average difference between deter- 
minations of the same grade than from the regression lines. The differences were 
weighted by the quantity nin2/(mi+ne2) and gave .2558 as the average. 

The grand average for log M and ojcg y for the total data are shown in table 
10. The analysis of variance in table 11 brings out the high significance of the 
deviations from linearity in the relation of log M to grade whether all grades 
are considered or merely those from 1 to 8. On fitting a straight line to log 
(M+10) the deviations are still significant if all grades are considered but 
grades 1 to 8 are well fitted. The line 


log (M + 10) = 1.3148 + .10801x 


can thus be used as a transformation function for the lower grades. 

In order to relate the amount of pigment in genotypes other than eeCF- 
(virtually never exceeding grade 8) to that in intense yellows of genotype 
eeCFF (virtually never below grade 9) it seems necessary to make a special 
adjustment for the higher grades. First it may be noted that the colorimetric 
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values of grades 11 and 12 differ so little from each other and from grade 10 
that it appears that the superficial appearance (based on the tip of the hair) 
is seriously misleading in these cases. It has seemed best to combine grade 12 
(rare in these series) with grade 11. The average value of log (M+10) of grades 
9 to 12 was 2.4436. The average of these grades (combining 12 with 11) was 
10.20 while the average grade at which log (M+10) should have the above 
value, as estimated from the regression line based on grades 1 to 8, was 10.45. 
Thus the excessive gap between grades 8 and 9 can be corrected by adding 0.25 
to the average grade of the more intense genotypes before transforming. The 
relation between the values of log (M+10) for yellows (from table 10) and the 
fitted line are shown in fig. 3. 


YELLOW GENOTYPES 


Table 12 shows the values of log M and oicg y for the various phaeomelanic 
genotypes, estimated from the figures published by RussELL and HEIDENTHAL. 
Generalized standard errors are based on ojog y= .1168 derived from estimates 
of cog v for all genotypes except those that are white. The geometric means 
corrected for melanoids in whites and reduced to a scale on which that for 
genotype eeCFF is 100, are derived from the formula .3892 (M — 10.84) and their 
generalized standard errors from the formula .3892X2.3026 MX.1168/\/n 
= .1047 M//n. 

The comparison of these geometric means with those deduced by trans- 
formation of grades of much larger numbers of animals will be reserved for a 
later paper. 

SUMMARY 


The self colored varieties of the guinea pig may be classified in two primary 
categories—those with predominantly dark or eumelanic pigment and those 
with yellow or phaeomelanic pigment. There are four major series in the first 
category (1) dark sepias of genotype EaaBP; (2) pale sepias EaaBppF; (3) 
dark browns EaabbP; (4) pale browns EaabbppF. The intensities of all of these 
vary with the combination of the series of alleles C, c*, c*, c’, ct. Three major 
series may be distinguished among the yellows (5) the relatively persistent 
yellows of genotype eeF-, (6) the fading yellow of genotype eeff and (7) a class 
of anomalous yellows of genotype Eaaffpp. There are variations of intensity 
in all of these due to combinations of the C series. Minor divergences from (2), 
(4) and (5) are due to incomplete dominance of F. 

The present paper presents a statistical analysis of colorimetric determina- 
tions of amount of pigment in the eumelanic varieties, especially dark and pale 
browns, and pale sepias, supplementing previous determinations, especially 
of dark sepias, and of the phaeomelanic series. 

The relation of the colorimetric determinations to grades based on compari- 
sons of animals at birth with standard pelts is analyzed statistically. These 
relations are used to correct for fading of the standard solution and to adjust 
colorimetric determinations made with different standards to a common basis. 

Transformation formulae are derived by which average grades of genotypes, 
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based on large numbers of animals, may be transformed into the relative 
quantities of pigment characteristic of these genotypes. 

The corrected geometric means of the colorimetric values of diverse geno- 
types are presented on scales on which intense black of EaaBCP is 100 (eu- 
melanic genotypes) or on which intense yellow of eeCFF is 100 (phaeomelanic 
genotypes). 
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INTRODUCTION 


N account of the ranking of diverse genotypes of the guinea pig at birth 
with respect to dark and yellow pigments was presented a number of 
years ago (WRIGHT 1927) on the basis of routine grades of the color of the hair 
on the back. Sepias and browns were graded by means of the same series of 
standard pelts, ranging from grade 1, barely distinguishable from white to 
grade 21, intense black. Yellows were graded by means of a different series of 
pelts, ranging from grade 1, again barely distinguishable from white, to grade 
13, the most intense “red.” 

Grading was discontinued for a number of years. It was taken up again later 
(1933) as an adjunct to an attempt to replace mere ranking of genotypes by 
quantitative comparisons. Three papers have been published, giving colori- 
metric comparisons of pigment extracted from a considerable number of geno- 
types (E. S. Russett 1939; HEIDENTHAL 1940; WRIGHT AND BRADDOCK 1949). 
In addition, regression formulae have been derived for estimating amounts of 
pigment from grades (WRIGHT and Brappock 1949). The purpose of the pres- 
ent paper is to present the results of such estimates. 

The relations between genotype and color are discussed in the above papers. 
We shall be concerned primarily with genotypes in which only one quality of 
pigment granule is visible in the hair in each case. The question as to how far 
the various uniform color varieties may be considered as differing merely quan- 
titatively is touched on by Wricut and Brappock. Briefly it seems necessary 
to recognize a primary qualitative difference between a class with orange- 
yellow pigment (phaeomelanin) and one with at least predominant darker pig- 
ment (eumelanin). The variations among the yellows will be treated here as 
quantitative. A probable qualitative distinction among eumelanic types is 
made between the sepias and browns although in certain connections these 
varieties will be treated as differing merely quantitatively in accordance with 
the methods of grading and of determining colorimetric values. There is some 
reason to believe that minor differences in quality within these categories may 
be due to mixtures of phaeomelanin with eumelanin in different proportions 
within the pigment granules. 

There are seven major series of uniform color varieties. Each of them varies 
in intensity according to the combination in the C-series. Gene A produces, in 


1 This investigation was aided by a grant from the WALLACE C. and Ciara A. ABBOTT ME- 
MORIAL Funp of THE UNIVERSITY OF CHICAGO. 
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the presence of £, the agouti varieties in which there is a phaeomelanic sub- 
terminal band in hair that is otherwise eumelanic. The intensities do not differ 
from those in sepias with aa and yellows with ee. 


Uniform eumelanic series 


Dark sepias Bea BPC, ¢. ¢,.o,©) No effect of F, f 
Pale sepias Eaa BF pp (C, e, c4, c’, c*) 
Dark browns Ease 06 PCC, Cc, cc, co) No effect of F, f 
Pale browns E aa bb F pp (C, &, c4, &, c*) 


Uniform phaeomelanic series 
Persistent yellows ee F (C, c*, c4, c’, c*) No effect of A, a; B, b; P, p. 
Fading Yellow BTC, C,.6..6. No effect of A, a; B, b; P, p. 
Anomalous Yellows Eaaffpp C (no pigment without C). No effect of B, b. 


THE GRADES 


The whole series of standards had to be reestablished in 1933 and readjust- 
ments have had to be made from time to time because of a tendency to fade, 
especially conspicuous in the higher grades of sepia. Because of the impossi- 
bility of maintaining a pelt that matches well a young intense black (grade 21) 
it has been routine practice to compare the darker sepias with young living 
blacks, known to be EBCP in genotype before deciding on grades 20 or 21. 
It has been customary also to compare animals with an apparent trace of pig- 
ment with living whites before deciding on their grade. Readjustments of in- 
termediate grades have been made to maintain series in which each grade was 
just distinguishable from its neighbors. Inbred strains of constant color were 
helpful in anchoring the grades of yellow (grade 7 of strain 35, e?e?c'c'FF, 
and grade 10 of strain 2, e?e?CCFF). 

The grades are somewhat less arbitrary than may appear. KRONING (1930) 
has presented a comparison between grades of sepia and yellow which he had 
established independently, and graded pelts which I sent him. There was 
virtual identity as far as comparisons could be made. KrOnrING found that 
yellow skins which I had labelled as grades 3 to 8, 10, 11 and 13, agreed well 
with his grades called by the same numbers. His series, however, extended to 
15 and thus appears to have included intensities beyond those in my stock. 
He notes that reds of grades 14 and 15 at birth always became much lighter in 
contrast with the relative constancy of lower grades. I have found this to be 
true of my grade 13 (practically restricted to a particular inbred strain No. 32) 
and toa less extent of grade 12. I suspect that the pelts of strain 32 which I 
sent had already become somewhat lighter and that a new born animal of this 
strain would have been at least of grade 14 on his scale. The genetics of this 
type with very intense brownish red pigment at birth (probably the same as 
that called cherry by IBsEN (1932) ) has not been adequately cleared up. It is 
not involved in the present study. 








ESTIMATES OF MELANIN 247 


KROnING had also established independent grades of sepia, 1 to 5, for pink 
eyed pale sepias and 9 to 14 for dark eyed sepias. He found that certain light 
sepia skins which I sent filled well the gap (grades 6 to 8) and that his series 
culminating in grade 14 intense black agreed well with my grades designated 
by numbers seven greater. He did not have in his stock animals of my grades 
1 to 7 owing to the absence of alleles c¢ and c’. 

There have been certain difficulties in grading apart from drifting standards. 
Thus there are differences in quality among the pink eyed sepias of which the 
most extreme is that between EBc'c’F pp which is always of a characteristic 
color that approaches neutral gray and EBctc*F F pp which approaches light 
yellow to varying extents. Both of these are most frequently called grade 3 
but the latter may be closer in extreme cases to grade 3 on the yellow scale 
than to 3 on the sepia scale. Similarly EBctctFFpp is yellower than 
EBcc*FF pp or EBc'c'FF pp. The pink eyed browns show a somewhat nar- 
rower range of variation of quality since they never approach neutral gray. 
They are characteristically somewhat browner than the corresponding pink 
eyed sepias. This is especially conspicuous in the most intense pink eyed 
browns (EbbCFF pp), which can usually be distinguished from pink eyed 
sepias in the same litters even though the grades may be the same. Occasion- 
ally, however, an animal called a pale brown at birth is found by test to trans- 
mit gene B. The most intense pink eyed sepias (EBCFF pp) overlap the lighter 
dark eyed sepias (EBc*c*P) in grades 8 to 13 without any consistent differ- 
ences in quality. Differences in quality among brown eyed browns (E£bdP), 
among dark eyed sepias (EBP) and between these series are hardly recogniza- 
ble and no difficulty has been felt in grading them by means of the same 
standard pelts. 


DETERMINATION OF GENOTYPES 


Most of the animals used in the earlier study were tortoiseshells (ee”). 
This had the advantage that grades of both dark pigment and yellow could 
usually be assigned each animal. There was the great additional advantage 
that certain genotypes (for instance e?e?Bctc*P and e?e?Bctc’P) which could 
not be distinguished with confidence in segregating progenies by intensity in 
sepia areas could be classified without question by the intensity in the yel- 
low areas. The reverse was true in other cases, as for example e’e?Bc*c*P 
and e’e?Bctc*P. 

When the study was taken up again with the purpose of replacing ranking 
by quantitative comparisons, it seemed best to base determinations on self 
colored animals (sepias and browns with E£, yellows with ee) to avoid the inter- 
mingling of dark and yellow hairs in tortoiseshells. Stocks only slightly re- 
lated to those used before were built up to segregate in ways that could not 
cause confusion (EZ, e; P, p; C, c* and so on). The mode of segregation was 
varied in order to keep possibly modifying factors as uniformly distributed as 
practicable while reducing the incidence of variability due to them by selecting 
the more intense grades of each genotype for mating. 

The parents of every mating in this series of experiments have been assigned 
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genotypes based on their own color, consistent with the genotypes assigned to 
their parents and hence all ancestors back to the foundation matings and 
consistent with the colors of their offspring and the genotypes assigned their 
mated offspring and descendants to the end of the experiment. There has been 
no necessity to postulate any mutations. A few revisions have been necessary 
(principally FF to F- or Ff) because of unexpected segregants (for instance ff 
from a brother-sister mating supposed to be FF X FF). In all cases it was found 
that there was a chance that the recessive had been transmitted by an ancestor 
which could have been heterozygous but had been treated as homozygous 
dominant as a result of a not fully adequate breeding test. The revision was 
applied to all descendants of such animals replacing, for example, FF by F- 
in the designated genotypes of many. Test matings have been made as far as 
practicable when doubtful segregants appeared. It is believed that incorrect 
assignments of genotypes have been negligible in number except as between 
FF and Ff. 

The doubt with respect to FF and Ff makes little difference in the dark se- 
pias and browns in which there is no recognizable difference even between ff 
and Ff or FF but was unfortunate in the case of the pale sepias, pale browns 
and yellows in which Ff clearly differs on the average from FF though not 
enough to give a basis for reliable discrimination of individuals. The practice 
has been followed of including in FF, for purposes of tabulation, all animals of 
which neither parent was known to be Ff or ff by ancestry or descendants. 
There can be no doubt that some Ff have been included and that the averages 
of certain genotypes listed as FF are slightly lower and the variability slightly 
greater than would have been the case if Ff were completely absent. Those 
listed as Ff were all definitely known to be such by genetic evidence. 

In assigning genotypes to dark sepias in segregating progenies, c’c* and 
c’c’ were considered distinguishable from each other by grade and eye color and 
from other dark sepia genotypes by eye color (light red in c’c*, dark red in 
c’c’, black in all other dark sepias in these experiments). Genotype céc* was 
considered to be distinguishable from all other black eyed sepias by its light 
color. The genotypes c*c*, c*c*, ckc’, c*c*, c4c*, and c*c’ were not considered suf- 
ficiently distinguishable to be included in the tabulation when two were ex- 
pected from the same mating. They were considered distinguishable from C- by 
the greater intensity of the latter at least on the belly. Matings that would 
produce genotypes difficult to distinguish have in general been avoided. No 
dark eyed sepias from matings in this series of experiments have been excluded 
because their grades deviated unexpectedly much from the genotypes which 
had to be assigned them. Thus a number of extremely light sepias of geno- 
types c4c* and c’c* (grades 7 to 9) segregated out and are included. Matings of 
such animals were, however, made in a different series of experiments designed 
to analyze extreme dilution and their progeny and descendants are not in- 
cluded here. 

Among the pale sepias, the new series of experiments produced many indi- 
viduals that were unexpectedly dilute, for example, animals that by ancestry 
and breeding test were clearly EBCFF pp but which were as pale as grade 4. 
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In this case it seemed best to treat a group of eight closely related matings as 
if belonging to the dilution experiment and to exclude all of their progeny 
from the present tables. All extreme dilutes of known genotype from other 
matings are, however, included though most of them were used only in matings 
in other experiments. In segregating progenies only genotypes with little or no 
overlap have been included. Thus c’c* and c’c’ have been treated as recogniza- 
ble, the former by its extreme dilution, the latter by its peculiar neutral gray 
quality. Among the others, céc* has been treated as distinguishable from c*c# 
and C; c#c’, céct and c*c* from C- but progenies with other combinations of 
segregants have been excluded and for the most part avoided. The averages 
for c’c*pp are probably somewhat too high because of confusion with albinos 
in some cases. 

Among the uniform dark browns there is so much overlap of all genotypes 
except c’c* and c%c* (both dilute but differing in eye color) that segregation 
involving any two of the others has rarely been allowed to occur and the grades 
of offspring from such matings as have occurred have not been included. Most 
C- and c*c* in the recent experiments have come from tortoiseshell stocks. 

Relatively few pale browns have been produced in the new experiments 
outside of a stock known to be CC. As with the pale sepias, c’c” and c’c* have 
been considered to be recognizable. 

Among the yellows, it has been assumed that the three groups of genotypes 
eeCF (“red”), eec**c*4 (“yellow”), where c** lumps c* and c*, and eec**c™* (“cream”) 
are distinguishable in segregating progenies, but that members of the same 
group are not distinguishable. Matings from which members of the same group 
would segregate have been usually avoided. The whites eec’c’, eec’c* and 
eec*c* are easily distinguishable by the eye color (dark red or brown, light red 
or brown, pink respectively) in the presence of P. They are not distinguishable 
in the presence of pp. Most of the kinds of white have been very numerous but 
have not been enumerated. As with the eumelanic types, animals in which both 
parents were known to carry F and neither was known to be Ff are included as 
FF, doubtless at the expense of a few errors. Again those tabulated as Ff or 
ff were definitely known to be such by ancestry and color. The category 
ECffpp in the tables consists largely of pale cream-yellow tortoiseshells, graded 
with respect to the pale cream portion of the coat which corresponds to the 
eumelanic portion of the pattern. A large number of self creams of genotype 
ECffpp have, however, been produced since the close of the experiment for 
other genotypes (end of 1944) and their average is noted. 

Few tortoiseshells have been produced in this series of experiments apart 
from the classes noted above. In these only the eumelanic portion of the pat- 
tern has been graded. 

It should be added that a considerable number of otherwise unclassifiable 
animals are included as a result of their breeding records. 


GENOTYPE AVERAGES IN THREE PERIODS 


Tables 1 to 4 show the averages and the numbers on which they are based 
for all genotypes produced in three periods 1916-25, 1933-39, and 1939-44. A 
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Average grades at birth of sepias of diverse genotypes in three periods. The symbol Cc** refers to 
intense young with at least one chance in three of being CC. The symbol Cc* refers to intense young 
which were heterozygous in one or the other of the lower alleles (Cc*, Cet, Cet or Cc*) but not certainly 
known to be Cc* in any case. 








EBFP EBffP 
16-25 33-38 39-44 16-25 33-38 39-44 
No Av No Av No Av No. Ay No Av No Av 
Cct* 238 20.9 99 21.0 61 20.8 99 21.0 
Ce — _- — _- — —_- — 
Ce - Gi DS Wi 21.0 - a Be Zt | 21:0 
C- Many 21.0 305 20.9 200 21.0 151 21.0 72 WMS 126 21.0 


oc 49 20.1 44 20.1 4 20.0 1 19.0 — — — 
chc# 28 «819.4 2 20.0 > Ten — — 2 20.0 3 
so 94 «16.9 95 18.3 12 18.3 53 16.8 41 17.6 $ 18.3 


5 40 20.5 6 20.3 — — — = 

c*c* 244 «18.5 63 19.0 106 18.8 2 18.0 6 18.8 29 18.9 
1 145 18.6 > 294 9 18.6 — 

a 279 «14.0 181 14.5 179 14.5 67 = 13.9 50 14.2 47 14.3 











c’c" 68 20.1 150 5 m_ SS — — — — 
cc 141 13.5 wa 1 81 15.1 - _— — _— 8 14.3 
c*c* Many 0.0 Many 0.0 Many 0.0 Many 0.0 Many 0.0 Many 0.0 
EBFF pp EBFfpp 
16-25 33-38 39-44 16-25 33-38 39-44 

No. Av. No. Av. No. Av. No. Av. No. Av. No. Av. 
Cct* — -—- 62 10.5 67 =10.3 — — — 
Cc* - 137 9.2 25 9.0 - -= -- - - 
Cc - - 43 9.5 91 9.5 - - —- — — — 
C 43 9.7 mM 9.6 183 9.7 20 7.6 45 8.3 43 7.0 
oc 75 9.1 23 8.8 1 7.0 ~ 1 6.0 _— — 
ckc4 11 7.6 8 +23 7.0 —_ — 2 4.0 
ctc4 123 4.9 30 Ke 15 4.9 10 3.4 4 2.5 — — 
oc’ 10 7.0 29 6.6 — — - 7 4.9 _- — 
ck 15 5.5 53 4.7 79 5.5 — —- —- — 
ctcr 48 4.0 105 3.4 5 3.6 2 3.0 4 2.0 — — 
etc 35 2.6 28 2.3 109 2.9 — — — 3 2.0 
crc’ 24 2.6 162 2.3 16 3.3 — _ _— — -- — 
co 15 0.7 50 0.7 27 0.5 — _ — — — a 
cc* Many 0.0 Many 0.0 Many 0.0 _— —_— _ _ Few 0.0 
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Average grades at birth of browns of diverse genotypes in three periods. 








EbbFP EbbffP 
16-25 33-38 39-44 16-25 33-38 39-44 

No. Av. No. _ Av. No. Av. No. Av. No. Av. No. Av. 
Cc** - a 685.2 -- _ 197 15.3 256 15.0 
Ce — — - - 548 15.3 — - — — — —~ 
Cc 5 - 5 16.0 286 15.5 _ ~ : _ — — 
C- 93 15.6 5 16.0 1341 15.3 1 16.0 197 15.3 256 15.0 
ckck 94 «14.6 2 16.0 106 53 —— a -— a -- — 
ck¢4 30. «15.4 -~ — i 2s _- — — — —~ — 
ctc4 74 «14.2 4 13.8 2 5.0 1 15.0 - - 1 14.0 
cc" 45 14.8 6 14.3 39 «15.6 - — “= - - -- 
ckco 75 13.6 18 13.8 139 14.3 ~ _ — — 
ctr 39 »=15.0 2 14.0 - — —— — — — 
ctce % 12.5 - 116 12.4 - ~ —- a 1 13.0 
crc’ is 3 2 «(14.7 45 14.8 - - — - _ 
crc 48 13.1 a6 COB. 55 Ss «12.3 - - — - — 
oc? Many 0.0 Many 0.0 Many 0.0 - : - ~= 

EbbFF pp EbbF f pp 
16-25 33-38 39-44 16-25 33-38 39-44 

No. Av. No. Av. No. Av. No. Av. No. Av. No. Av. 
Cc** - 45 8.1 82 8.3 ~ - 18 7.3 
Cc* - - - 13 7.9 2 $.5 
Cas 62 7.6 - - -— = 
C 7 8.3 45 8.1 157 8.0 - - - 20 7.1 
ckck 220 i;2 21 6.5 3 7.0 - os - 
ckct 10 6.0 - — _ ~ — — 
ctc4 7 5.4 -- - - — — — — — 
cker 73 6.1 27 bua - — ~ ~ — — — 
ckea 28 5.6 6 16 4.9 ~ ~ — — 
c4cr 3 3.7 - — - — — 
ctce 6 3.2 1 4.0 16 2.4 — - - -- -— oo 
crc’ 17 2.8 3 AS 15 2.7 -- - — = 
crc 28 | 3 0.3 29 0.9 — - — — -— -- 
cc? Many 0.0 Many 0.0 Many 0.0 — - — — _ _ 
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TABLE 3 





Average grades at birth of stable yellows of diverse genotypes in three periods. Irregularity of the scale 
is corrected by combining grades 11 and 12 and adding .25 to grades 9, 10 


and 11 in the two later periods. 





cc 
che 
c4et 
cies 


cc 
cc 


ckck 
ckc4 
ctcé# 
cc’ 
cee 
c4cr 
cies 


cc 


cc 


eeF F eeF FP— eeF F pp 
16-25 33-28 39-44 33-38 39-44 
No. Av. No. Av. No. Av. No. Av. No. Av. 
~ — 43 10.8 51 10.2 44 10.7 39 =10.3 
- - 101 10.6 2S 10.2 148 10.6 3 10.3 
- 28 10.1 20 10.4 23 0.3 109 §=10.3 
239 = 10.6 172 10.5 94 10.3 215 10.5 151 10.3 
41 ie 93 6.9 30 6.9 149 7.0 2 7.0 
29 7.2 5 re — — 22 V2 2 7.0 
106 7.0 136 6.9 10 7.0 140 6.9 12 7.0 
56 4.6 122 4.8 1 5.0 121 4.9 1 5.0 
195 4.6 39 4.6 24 4.7 55 4.8 40 a2 
125 4.1 87 4.1 — = 192 4.1 1 5.0 
258 4.2 66 4.1 17 4.2 58 4.0 37 4.6 
Many C.0 Many 0.0 Few 6.0 Few 0.0 Few 0.0 
Many 0.0 Many 0.0 Few 0.0 Few 0.0 Few 0.0 
Many 0.0 Many 0.0 Many 0.0 Many 0.0 Many 0.6 
eeFf eeFf{P eeF f pp 
16-25 33-38 39-44 33-38 39-44 
No. Av. No. Av. No. Av No. Av. No. Av. 
— 45 9.9 29 9.5 58 10.0 29 9.5 
- - 10 8.7 — — 1 8.3 
- - - 2 9.2 — — — — 
280 9.9 45 9.9 41 9.3 58 10.0 30 F.3 
— — 20 6.5 5 6.4 2 6.5 3 6.7 
- -- 1 7.0 1 6.6 3 6.3 _— — 
28 6.5 97 6.7 7 6.7 107 6.7 Ss 6.6 
— — _— — 1 4.0 4 4.0 _ _ 
7 4.1 28 4.1 _— —_ 1 4.0 2 4.5 
16 4.1 13 3.5 _ _— 10 3.8 _ — 
21 4.3 2 4.0 — — 8 4.1 _— —_ 
Few 0.0 Few 0.0 —_ — Few 0.6 _ _ 
Few 0.0 Few 0.0 — _- Few 0.0 _— _— 
Many 0.0 Many 0.0 _ _ Few 0.0 — — 
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comparison of these gives a better indication of the extent to which the relative 
grades can be relied upon than do standard errors. No carry over of modifiers 
from the first period to the second could be expected (unless by very strong 
linkage) and little between the second and third periods because of continual 
changes in the pattern of segregation. 

The question of dominance of genes C, B, F and P requires consideration. 
In the second and third periods, distinction is made in the table among animals 
known to be Cc*, ones which might be Cc*, Cc? or Cc" (as well as Cc* in some 
cases) but not CC and ones which came from matings between two intense 
animals (C-XC-) and of which therefore one third or more should be CC. 


TABLE 4 


Average grades at birth of fading yellows of diverse genotypes in three periods. 

















eeff eeffP eeffpp Effpp 
16-25 33-38 39-44 33-38 39-44 16-25 33-38 39-44 
NO. AV. NO, AV. NO. AV. NO. AV. NO. AV. NO. AV. NO. AV. NO. AV. 

ct= — --- 66 6.8 78 6.9 S 28 * 4&9 _ — 63.7 % 32 
Cc —- — ct 8 “8 45 6.8 4 7.0 _ - 2 23 2 ae 
ce - — is 65 Ss 6.8 6 6.7 4 7.0 — - 8 2.4 8 1.9 
C- 262 6.8 135 6.9 186 6.8 76 6.8 38 6.9 is 23 4 155 @- F2 
ae + i2 wv 19 #4 19 ‘s 2.3 : 128 _ — 1 0.0 4 0.0 
aA eS 22 S 24 i 2s $s 2.38 _ — —_-_ — 5 0.0 
Aa 89 1.6 190 2.1 me 25} ME 8S é 23 16 0.0 9 0.0 4 0.0 
ac 
ff 2 0.0 s 83 a €5 3 0.0 s 6: —_ — a 2 0.0 
ag 9 0.2 803 — — o 02 —- — —_ — — -_ — 
ae 774 0.1 44 0.5 26 0.3 33 0.3 -_— a 10 0.0 
cc” =6Few =0.0 — 0.0 — 0.0 Many 0.0 Few 0.0 1 0.0 -— a - — 
cc* =Few 0.0 Few 0.0 Few 0.0 Many 0.0 Few 0.0 —- —- -- — Few 0.0 


c*c® Many 0.0 Many 0.0 Many 0.0 Many 0.0 Few 0.0 — -— — -- Few 0.0 








There was no evidence of segregation of different intensities in the last case to 
suggest incomplete dominance of C. Comparison of the averages of other classes 
gives no such suggestion except perhaps in the pale sepias and pale browns 
where tests of segregants would be desirable. On the other hand, incomplete 
dominance of C in some sense has been indicated by a different reaction of ho- 
mozygotes and heterozygotes to factors producing dinginess in brown (WRIGHT 
1947). Dinginess tends to persist in homozygotes but disappears after the first 
pelage in heterozygotes causing the latter to be more intense. Dinginess is not 
expressed at all in the absence of C (for example in Ebbc'c‘PP). Browns with 
dinginess on the back have been excluded. 

No indication of imperfect dominance of B has been noted in any case, 
although large numbers of animals known to be Bd have been produced, as 
well as litters in which BB and Bd should be segregating. 
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A similar statement can be made for P except in the case of dingy browns 
(not included in the present tables). Strong dinginess, reducing the amount of 
brown pigment by 50 percent or more, seems to require PP. There is much more 
suppression by Pp than by C heterozygotes, referred to above. 

Segregating litters as well as general averages have shown that F is not 
completely dominant over /, either in pale sepias or in yellows and probably 
not in pale browns. There is, however, much overlap. The averages in the 
tables give no indication of a difference between F- and ff in dark sepias and 
dark browns. In the latter, however, there is again evidence of a slight differ- 
ence in the presence of dinginess. In segregating litters, brown-yellow tortoise- 
shells (e?e?CCffPP) show significantly /ess dinginess than brown-red tortoise- 
shells (e?e?CCF-PP). 

Dark eyed (eeP-) and pink eyed (eepp) yellows are separated in the second 
and third periods. In a large proportion of the cases these came from segregat- 
ing progenies (PpX pp and PpXPp). There are no consistent differences in 
average grade of yellow and no difference has ever been observed in segregating 
litters. The tables do not separate black eyed (eeBP) and brown eyed (eebbP) 
yellows. Relatively few of the latter have been produced in these experiments 
but those that have appeared do not differ from the former. The cases in the 
data from 1933-44 in which comparisons can be made are as follows. 


B. bb 
no. av. no. av. 
C-FF 202 10.5 64 10.3 
cckFF 96 6.9 27 6.9 
ckct*FF 181 4.8 5 4.2 
C-Ff 72 9.7 14 9.5 
C ff 321 6.9 9 6.9 


A few pink eyed yellows were known from parentage to be eebbpp. Three 
known to be b6CFF pp averaged 10.3 and one known to be bbc*c'F F pp was of 
grade 7. These agree with the grades for black eyed yellows. A large proportion 
of the anomalous pale creams of genotype EC/fpp must have been 06, others 
B- but no difference ascribable to those genes has been observed. It is clear that 
at the level of observation of these experiments there is no effect of genes P, p 
or of B, 6 on intensity of yellow. 

The differences among the averages for the three periods are not very great 
for the most part. Such as there are appear to be due to differences in associ- 
ated modifiers rather than to drifting standards since there is no consistency 
in the changes observed in the various genotypes. Among the dark sepias 
(EBP) the most serious discrepancy is in the low average of cc? in the first 
period (16.9) in comparison with that later (18.1). The average for c4c* is also 
somewhat low in the first period (14.0) as compared with later (14.5). On the 
other hand, c’c’ averages somewhat higher in the first period (20.1 as opposed 
to 19.5) and the same is true of c’c* (15.5 as opposed to 15.0). Gene c* was 
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originally introduced from a stock developed by W. E. CastLe for extreme 
dilution. It is probable that modifiers for dilution had not been wholly removed 
in the first period and this was especially the case with c4c? which were largely 
taken from an isolated homallelic stock. 

Among the pink eyed sepias, the averages for most of the genotypes were 
lower in the second period than either before or after. Modifiers for extreme 
dilution of pale sepia seem to have been introduced on resuming the experi- 
ments but were largely removed later by selection. 


TABLE 5 


Grand averages of grades at birth for sepias of diverse genotypes combining certain ones that do not 
appear to differ significantly. Standard deviations are also given. 


SEPIA 
EBP(F, ff) EBFF pp EBFfpp 

NO. AV. S.D. NO. AV. S.D. NO. AV. S.D. 
C- 780 20.9 0.3 468 9.7 1.8 108 7.7 2.1 
oo 48 20.1 0.6 99 9.0 1.0 1 6.0 ~ 
oct 12 19.5 0.5 21 7.4 1.2 2 4.0 0.0 
c4c# 151 18.1 1.0 168 4.7 oa 14 a 0.8 
oc +6 20.5 0.6 39 6.7 Be 7 4.9 0.7 
cc 206 18.9 0.6 147 5.2 1.4 1 4.0 — 
ctr 150 18.7 a2 158 3.4 1.0 6 2.3 0.8 
ches 457 14.5 z3 172 2.7 0.8 3 2.0 0.0 
oct 177 19.5 1.1 202 2.4 1.0 - 
crc 324 15.0 Ret 92 0.7 0.6 — — - 
c*c* Many 0.0 0.0 Many 0.0 0.0 Few 0.0 0.0 


There are a number of differences among the periods in the browns in part 
paralleling those in the sepias. The low average of c*c* as compared with C in 
the first period was not borne out later and seems to have been a peculiarity of 
an isolated strain from which most of these browns came. 

The yellows show few important differences among the periods. 

Grand averages are given in tables 5 to 7 except that the figures for dark 
sepias in the first period are excluded. F- and ff are combined in the dark 
sepias and dark browns in accordance with evidence that there is no appreci- 
able difference in those cases. On the other hand FF and Ff are kept separate 
in the pale sepias and pale browns and yellows. B-P-, bbP, B-pp and bbpp are 
all combined in the yellows. All combinations in the C- series are given (as far 
as represented) except that all with the highest allele C are combined. 

The standard deviations are given in these tables. The great variability of 
EBc'c*P and of the pale sepias, especially EBC pp, are noteworthy and appar- 
ently characteristic. 
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TABLE 6 





Grand averages of grades at birth for browns of diverse genotypes combining certain ones that do not 
appear to differ significantly. Standard deviations are also given. 
































BROWN 
EbbP(F, ff) EbbF F pp EbbF fpp 

NO. AV. S.D. NO. AV. S.D. NO. AV. S.D. 
C- 1962 15.3 0.9 209 8.0 0.9 20 aa 1.3 
oc 202 15.0 0.9 244 7.2 0.8 — — 
cet 31 15.4 a8 10 6.0 0.7 - 
oct 82 14.2 0.9 7 5.4 1.4 — _ — 
oe 90 15.1 1 100 59 1.0 — — — 
cca 232 14.1 0.9 50 $.2 1.2 — — - 
ofc’ 41 15.0 3.4 3 a 0.4 — - - 
oc* 143 12.4 0.9 23 2.7 1.0 — — ~ 
oe 72 14.9 1.3 35 2.7 0.9 — — — 
cc 224 12.5 : & 60 1.0 0.5 _ — —_ 
c*c* Many 0.0 0.0 Many 0.0 0.0 Few 0.0 0.0 

TABLE 7 


Grand averages of grades at birth of yellows of diverse genotypes combining certain ones that do not 


ckcr 


ctr 
ctca 


cc 
crc 
crc 


ecF F(B, bb; P, pp) 


NO. 
871 
315 

58 
404 


301 
353 
405 
436 


Many 
Many 
Many 


0.0 
0.0 
0.0 


0.0 
0.0 


0.0 Many 0.0 


NO. 


454 
30 


244 


31 


Few 
Few 


YELLOW 





eeF{(B, b; P, pp) 


eeff(B, b; P, p) 


Effpp(B, bb) 








AV. S.D. NO. AV. S.D. NO. AV. S.D. 
10.0 0.6 697 68 0.6 134 2.3 0.6 
6:3 6.5 106 1.9 0.5 5 0.0 0.0 
6.4 1.1 A 2.3 0.5 5 0.0 0.0 
6.7 0.7 Ge 244 Bee 29 0.0 0.0 
4.0 0.0 — — — _ _— — 
4.2 0.7 107 «0.3 «20.5 2 0.0 0.0 
3.9 0.8 0 6G.2; OA — _ — 
4.2 0.5 177 0.3 «0.4 10 0.0 0.0 
0.0 0.0 Few 0.0 0.0 1 0.0 — 
0.0 0.0 Few 0.0 0.0 1 0.0 — 

0.0 Many 0.0 0.0 Few 0.0 0.0 





1 These were largely tortoiseshells ee"ffPP. The average for 113 Effpp born since 1944 was 2.5. 
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TABLE 8 


Average grades of mated se pias of diverse genotypes at birth and at ages 
greater than 4 months. The standard deviations are also given. 


















































SEPIA PALE SEPIA PALE SEPIA 

EBP EBFF pp EBF{pp 
AT BIRTH OVER 4 MO. AT BIRTH OVER 4 MO. AT BIRTH OVER 4 MO. 
NO. ———— NO. — —_— No. —————- —— 
AV. S.D. AV. S.D. AV. S.D. AV. S.D. AV. S.D. AV. S.D. 
C- 105 20.9 0.3 20.6 0.5 101 9.6 2.0 5.9 1.9 469 237 8.9 12 
ck 8 19.8 0.7 19.4 0.8 0 3.8143 ~@46.33 - -—- = - -— 
ka — _-_ — — — 1 7.0 OO = _-_ — — —_ — 
cad 3. 28:3 4a 19.0 0.9 16 4.3 0.9 3.0 1.6 i—- — 1.5 — 
ker 5 20.4 0.6 20.4 0.7 7 Pf 2s 4.6 0.6 _ -- - — 
ko SS 24 07 Ws 87 6 50 1.6 39°25 1 40 — 10 — 
caer 27 18.6 1.1 19.3 0.6 eo $1 4 Be 4°20 10 29 16 
cia Hi 1.4 43 16:7 1.1 52 2.4 1.0 1.9 0.7 i126 — 1.8 — 
oct 30 19.6 0.9 19.9 0.7 21 2.4 0.9 3.2 0.9 — —_-_ — 
4 56 14.8 1.8 18.5 0.8 % 6.5 0.3 O83 GF —-_ —- — —- — 
oe Many 0 0 0+ 0 Many 0 0 0 0 -- _ — _ — 

ADULTS 


During the latter portion of these experiments the parents of all litters were 
graded at the time of recording the litters. The records of each animal after 
four months of age were averaged. Taking these averages as units, the averages 
and standard deviations for the various genotypes were obtained. These and the 
averages and standard deviations for the same animals at birth are given in 
tables 8 to 10. The averages at birth agree well for the most part with averages 


TABLE 9 


Average grades of mated browns of diverse genotypes at birth and at ages greater 
than 4 months. The standard deviations are also given. 


BROWN PALE BROWN PALE BROWN 

EbbP EbbFF pp EbbF {pp 
AT BIRTH OVER 4 MO. AT BIRTH OVER 4 MO, AT BIRTH OVER 4 mo. 
NO, — _ NO -——— — —— NO. — — —-——__—_— 
AV. S,D. AV. S.D. AV. S.D. AV. S.D. AV. S.D. AV. S.D. 
C- i 5.3 05 13:3 2.2 3 8:1 3.2 CF 18 i 8.2328 36°93 
ae 7 BS6OS 43 65 150 — 43 — - —- = - - 
a4 —_ a ee — | E a! heap a —_— = = —_ — 
aa 1 15.0 — 15.0 — —_ - — -_- — _- —- — _- — 
ae é BO 8A 25 15 1 80 — 7.0 — _-_ —- — _- — 
aa 24 «13.9 1.1 0.9 $ 4942 38-48 —_-_ —- = _- — 
ag 1 14.0 — o — 2 20 — 1.0 1.4 _-_ —- = - — 
aca 26 12.5 0.8 12.9 0.7 $ £6 16 38 04 -_-_ —- = _- — 
oer 15 15.2 0.6 13.6 0.5 : 8.7 €6@ 84°62 —— = _ — 
va 3 132.6 13 1311 1.0 13 0.7 0.5 0.9 0.6 - —- — - — 
a Many 0 0 0+ 0 Many 0 0 0 0 - _-_ — _-_ — 











258 





SEWALL WRIGHT 


for all animals at birth indicating that the mated animals were typical. In 
spite of the deliberate avoidance of extreme dilutes in mating the averages 


show very little evidence of selection. The great variability of EBc’c*P 


and 


EBC pp are again evident. The important differences between the grades at 


birth and as adults will be discussed later. 


ckc4 
cac4 


cker 
ckce 
ctr 
caca 


cc 
cc* 
cc 


cc’ 
cc 
cc 


Few 
Few 
Few 


TABLE 10 


Average grades of yellows of diverse genotypes at birth and at ages 
greater than 4 months. The standard deviations are also given. 


YELLOW 
ee F 
AT BIRTH 
AV. S.D. 
10.6 0.7 
7.0 0.2 
6.7 0.6 
7.0 0.4 
4.9 0.6 
4.8 0.7 
3.8 0.8 
4.1 0.7 
0 0 
0 0 
0 0 
YELLOW 
eeff 
AT BIRTH 
AV. S.D. 
6.9 0.5 
1.8 0.4 
2.3 0.6 
2.0 0.7 
0.5 0.5 
0 0 
0.3 0.4 
0 0 
0 0 
0 0 





OVER 4 MO. 
AV. S.D. 
9.6 0.8 
6.4 0.5 
7.3 0.6 
7.0 0.6 
3.8 0.6 
3.8 0.8 
4.5 1.2 
4.6 1.0 
0 0 
0 0 
0 0 
OVER 4 MO. 
AV $.D 
3.5 0.9 
0.1 0.2 
0.5 0.4 
0.3 0.4 
0.1 0.3 
0 0 
0 0 
0 0 
0 0 


Nm & co | 


Few 
Few 


Few 





YELLOW 





eeFf 
AT BIRTH OVER 4 MO. 
AV. S.D. AV. S.D 
9.6 0.9 8.2 0.7 
7.0 0 6.1 0.2 
6.6 0.5 6.6 0.6 
4.1 0.6 2.8 0.6 
Ee | 3.8 0.3 
4.5 0.7 4.7 0.5 
0 0 0 0 
0 0 0 0 
0 0 0 0 
CREAM 
E ffpp 
AT BIRTH OVER 4 MO. 
AV. S.D. AV. $.D. 
2.4 0.6 ; 0.7 
0 0 0 0 
0 0 0 0 
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TRANSFORMATION OF GRADES INTO RELATIVE QUANTITIES 


It was shown by Wricut and Brappock (1949) that colorimetric determi- 
nations of the amount of pigment, relative to a standard, in sepias covering the 
entire range from grade 1 to grade 21, could be related to the grades assigned 
to the same animals by the following formula in which M is the geometric mean 
of all determinations for a given grade. The deviations of means from linearity 
were no greater than could be due to sampling. 


log (M + 6) = .8768 + .05644 (Grade). 


Whites yielded solutions for which a small but consistent colorimetric value 
could be determined. The geometric mean on the same scale was 2.22. The 
actual geometric mean for blacks (grade 21) was 112.9. 

The colorimetric determination for pale browns and dark browns ranging 
from grade 1 to grade 17 could be related to the grades of the same animals by 
a similar formula. Again the deviations of means were no greater than could be 
due to sampling. 


log (M + 6) = .8466 + .05579 (Grade). 


The slope does not differ significantly from that for the sepias but the 
colorimetric value for a given grade was systematically lower by a significant 
amount although the same standard was used in the determination. Probably 
there was a difference in the distribution of the pigment in the hair. Most of 
the sepias darken appreciably on exposure to low temperature after birth while 
the browns do not. It is probable that the formula for sepia above is most ap- 
propriately used for the brown pigment produced before birth and responsible 
for the grades made at birth while the formula for brown applies best to the 
pigment in the whole hair at two or three weeks of age (when the colorimetric 
determinations were made.) 

In the case of the yellows, a satisfactory linear relation could not be obtained 
for the whole range. The following formula was based on colorimetric deter- 
minations for grades 1 to 8 relative to a yellow standard. Over this range the 
deviations of means are no greater than expected by sampling. 


log (M + 10) = 1.3148 + .10801 (Grade). 


The colorimetric values of reds (grades 9 to 11) could be fitted to this line by 
adding .25 to these grades. This adjustment has been made throughout the 
tables. 

The geometric mean for whites was 10.84 on this scale (on which that for 
grade 11 was 285.1). 

The grand average grades in tables 5 to 7 and the average grades for mated 
animals at birth and at 4 months or later in tables 8-10 are transformed into 
estimates of colorimetric value in tables 11-13. The value for white was sub- 
tracted from the geometric mean for each genotype as given by the appropri- 
ate formula. These values were then multiplied by the appropriate factor in 
each case to give EBCP (black) a value of 100.0 in the case of sepias (table 
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TABLE 13 


Estimated geometric means of amounts of phaeomelanin in yellows of diverse genotypes at birth 
(total and mated animals separetely) and of latter at greater than four months of age on a scale on 
which intense yellow (eeCFF) is 100.0. Estimates on transformation of grades in tables 7 and 10. 





eer F eeFf 
TOTAL MATED ANIMALS TOTAL MATED ANIMALS 
NO. BIRTH NO. BIRTH ADULT NO. BIRTH NO. BIRTH ADULT 
AV. AV. AV. AV. AV. AV. 
C- 871 100.0 85 100.3 76.1 454 85.3 27 75.9 54.3 
ra ag 315 36.1 51 36.2 30.0 30 31.0 4 36.4 27.6 
oct 58 38.6 3 32.9 40.2 5 30.3 — a -- 
ot 404 s 49 36.2 36.9 244 32.9 37 32.4 32.3 
cker 301 17.9 27 18.6 i.4 5 13.2 — — -- 
ckcs 353 17.1 35 75 12.0 38 14.0 8 13.9 7.6 
ctr 405 13.6 46 12.3 16.0 39 12.4 4 td 12.1 
ce 436 14.0 41 13.7 16.5 31 14.4 2 15.9 16.8 
cc’ Many 0.0 Many 0.0 0.0 Few 0.0 Few 0.0 0.0 
cc? - 0.0 = 0.0 0.0 ™ 0.0 . 0.0 0.0 
oc m 0.0 . 0.0 0.0 Many 0.0 : 0.0 0.0 
eeff ESfpp 
TOTAL MATED ANIMALS TOTAL MATED ANIMALS 
NO. BIRTH NO. BIRTH ADULT NO. BIRTH NO. BIRTH ADULT 
AV. AV. AV. AV. AV. 
C- 697 34.5 87 35.4 10.8 113 6.2 29 6.3 3.0 
ckck 106 4.5 25 4.2 0.1 5 0.0 2 0.0 0.0 
a 34 5.9 8 5.4 0.9 5 0.0 — — —_ 
o*c# 495 5.1 74 5.0 0.6 29 0.0 4 0.0 0.0 
oc _— — — — — — — — — — 
oc 107 0.5 11 0.9 0.1 2 0.0 — — — 
oe 77 0.3 6 0.0 0.0 — — _ — — 
oe 177 0.5 12 0.4 0.0 10 0.0 — — _ 
cc Few 0.0 Few 0.0 0.0 1 0.0 _ — — 
cc : 0.0 xs 0.0 0.0 1 0.0 — -- -- 


cect =6Many-~—ss—«0.0 Many 0.0 0.0 Few 0.0 Few 0.C 0.0 





11), EbbCP (intense brown) a value of 100.0 in the case of browns (table 12) 
and eeC-FF (intense yellow) a value of 100.0 in the case of the yellows (table 
13). 

These averages (estimates of geometric means) differ considerably in cer- 
tain respects from earlier estimates (WRIGHT 1941a, b, 1942). The differences 
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are due only slightly to changes in the average grades due to additional data. 
At the time at which these earlier estimates were made, very few colorimetric 
determinations had been made of dark browns, pale sepias or pale browns and 
it was necessary to extrapolate from formulae which have turned out to be 
highly unsatisfactory in these regions. 

The new estimates are compared with actual determinations of colorimetric 
values in tables 14 to 16. These are independent since the transformation for- 
mulae were based on colorimetric determination by grade not genotype. 

For the most part there is fair agreement where the colorimetric values are 
based on numbers that are at all adequate. The colorimetric values for 
EBc'ckP and EBc*c*P seem decidedly too low as judged from the appearance 
of these genotypes. It is noteworthy that the colorimetric values indicate 
that c’ exceeds c* in production of sepia more than do the estimates from the 
grades (1933-1944) and even more than indicated by the data of the first per- 
iod. The blackness of EBc*c’P (second only to type EBC P) is confirmed as far 
as the small number of determinations go. 

The estimates of the amount of pigment in pale sepias EBpp and pale browns 
Ebbpp are indicated to be of the right order of magnitude by the colorimetric 
values. The same is true of the browns, though the colorimetric values indicate 
somewhat more pigment in intense browns (£b6CP) and somewhat less in 
dilutes of genotype Edbc*c*P than indicated by the visual grades. 

The agreement in the case of the yellows is throughout as good as could be 
expected except perhaps in the anomalous pale creams of genotype Effpp. Here 
the two tested gave more than twice as much yellow as indicated by the 
grades, but the tested animals were of higher grade (3) than is typical (2.3). 

On the whole the comparison of direct determinations and of estimates from 
the transformation of visual grades indicate that the latter may be used as a 
first approximation in discussing the quantitative effect of the various gene 
interactions. In spite of considerable change in the estimated quantitative re- 
lations between the major eumelanic series, the salient peculiarities of the gene 
interaction discussed in previous papers remain the same. 

These peculiarities are evident from inspection of figure 1 which shows 
the relative amounts of yellow pigment at birth in diverse genotypes, taking 
the amount in intense red (eeCFF) as 100, figure 2 which makes similar com- 
parisons for sepia (pigment in EBCP=100) and figure 3 which does this 
for brown (pigment in £b6CPp= 100). In the last case, dilution of a peculiar 
sort (dinginess) occurs only in EbbCP, to a marked extent only in EbbCPP 
and to a maximum extent in EbbCCPPF (Wricut 1947). In this type of dilu- 
tion all hairs are dark tipped but some or all may show dilution below the tip, 
especially in a subterminal band. The standard visible grades can not be 
used in evaluating this type of dilution. All animals with dinginess on the 
back were excluded from the present tabulations. The genetics of the variation 
is not yet clear and no unbiased colorimetric average for genotype EbbCCPPF 
is available. It is merely known that pigmentation is reduced at least 50 percent 
in high grade dinginess. 
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TABLE 14 


Comparison of estimates of amount of eumelanin in sepias by transformation of grades at birth 
and by colorimetric determination, taking amount of intense black (EBCP) as 100.0. 














EBP EB FFpp 

ESTIMATES COLORIMETRIC ESTIMATES COLORIMETRIC 

FROM GRADES VALUES FROM GRADES VALUES 

IES wi Ak M ’ DIFF. ay le are ie" 5 Sha DIFF. 

NO. AV. NO. AV. NO. AV. NO. AV. 
C- 780 100.0 33 (100.0) — 468 17.1 3% 6.1 -1.0 
chek 48 88.6 4 74.5 —14.1 99 15.1 1 S «J 
ckcd _— = son a ue U= 
cacd 151 66.6 12 69.1 +42.5 168 35 > aah _ 
cher 46 93.5 4 95.2 41.7 39s i - 
ce = 206.—S 74.7 11 60.4 14.3 147. «6.2 . Bh 82 
ctcr 150 72.4 18 ns 433 158 3.3 $$ a9 288 
cic 457 38.7 23 34.8 — 3.9 172 2.4 8 1.9 —0.5 
ret 172 81.2 i! e858 412 m2: = _ _ 
crea 324 «42.2 «320s '1.9 92 «0.5 3 1.0 +0.5 

eo - £8 = 


c*c Many 0.0 — (0.0) — Many 


TABLE 15 


Comparison of estiniates of amount of eumelanin in browns by transformation of grades at 














birth and by colorimetric determination, taking intense black (EBCP) as 100.0. 
EbbP E bb pp 
ESTIMATES COLORIMETRIC ESTIMATES COLORIMETRIC 
FROM GRADES VALUES ° FROM GRADES VALUES 
fee ere Pee DIFF. EE 

NO. AV. NO. AV. NO. AV. NO. AV. 
C- 1962 39.2 22 44.1 + 4.9 209 10.8 15 9.5 -1.3 
ckck 202 37 .? 1 53.9 +16.2 244 8.9 -- -- = 
ckct 31 39.8 -— - “= 10 6.6 — — — 
céc4 82 33.2 — = 7 5.6 — —_— — 
ckcr 90 38.2 1 39.7 + 1.5 100 6.4 — — — 
ckca 232 32.6 5 34.6 + 2.0 50 Sa 2 1.5 —3.6 
ctcr 41 | -— -- — 3 2.9 — — — 
cies 143 24.8 10 19.9 — 4,9 23 1.6 3 1.9 +0.3 
cc 72 37.3 2 38.4 + 1.1 35 1.6 — — — 
crc* 224 25.1 13 27.8 + 2.7 60 0.4 1 0.6 +0.2° 


otc Many 0.0 “= (0.0) —- Many 0.0 — (0.0) -- 














wn 
© 
N 


ESTIMATES OF MELANIN 





0°0 

















_ (0°0) _ 00 May _ (0°0) _ Aurvyy _ (0°0) aad 0°0 ” 0909 
— a — mere aa — —_ —_ 0'0 ” a ~ ae 00 ” 09,9 
_ —_ — —_ — —_ — — 0'0 MJ — — —_— 0'0 Aueyy oe 
— — ~~ 0'0 or — and — $0 LLI ro 8'eT 61 0'F1 9fP 0p? 
a aoe —_ ad —_ =~ = = £°0 LL 6° t+ cst 62 9°eT SOP sp 
ae i= = 0°0 Z = = — £0 Lol Lor 8°12 8 a 4 ese p49 
— += — — ane — — “— = — 0 6° LI Va 6 LI Toe 194) 
~ — = 0°0 67 8°0+ 6's 0Z rs S6r v b+ TOF tF L’s¢ vOr pp? 
- sane nie 0'°0 ¢ = ie —_ 6°S rE cr £° He L 9°8e 8s p49 
os — —_ 0'°0 ¢ += 0'°0 Z Sc’? 901 7 ?= ies 8I T’°9¢ ste 974? 
$8 6°¢T c 79 tt 6°0+ pse ST cre L69 ~~ (0°O00T) gs 0°00T IZ8 2 

‘AV ON AV ‘ON AV ‘ON AV ‘ON AV ‘ON AV ‘ON 

eS em eee Wine oe Tere re <K a. | ae x 
ANIVA sdavuo Nowa AQTVA saavuo Woua ANIVA saaqvuo Woud 
OIMLAWIAOTOD aaLVNILsa OIALANIAOTOD aaLVWILSa OIALANIAOTOD daLVNILSa 
daffy {foo 429 








‘O'OOT SP (JAq-]92) Mopjak asuazur Zuryvy ‘uorypurmsajap It4jauit40j09 Kq pun 44419 











qo sapoas fo uoynusofsuns Kq smopjak ur urunjauoanyg fo qunomp fo sajvmuysa fo uostavgmo 


Ol ATAV, 











266 SEWALL WRIGHT 


Possible interpretations of the major interactions have been given in previ- 
ous papers (WRIGHT 1941a, b, 1942). In brief, the series, E, e?, e, the series 
A, A’, a, spotting factors S, s, modifiers and local.developmental conditions, 
determine between eumelanic and phaeomelanic differentiation of pigment 
cells. B, 6 distinguish between the sepia and brown types of eumelanic differ- 
entiation. The brown type imposes a ceiling on the total amount of pigment, 
some 40 percent of that under the sepia type. The C series of alleles is basic for 
the pigment forming enzyme (W. L. RussELt 1939; B. GINSBERG 1944) but 
the alleles act in different orders of efficiency in the phaeomelanic and eume- 
lanic processes. (C >c*=c?>c’=c*=0informer,C >c*>c*>c’><c* in the latter.) 

In the phaeomelanic process the C series cooperates with F, but some yellow 
is found without F. In the eumelanic process, the C series cooperates primarily 
with P but some eumelanin is formed in the absence of P by F. Little or none 
can be formed in the absence of both F and P. Competition between the 
phaeomelanic and eumelanic processes (where the latter occurs at all) has been 
postulated to account for certain complications such as the different order of 
c? and c’ in respect to eumelanic pigmentation of eye and coat. 
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Co oe eh ae ck” de eh ed cet cee C 
FicurE 1.—Relative amounts of yellow pigment in diverse genotypes at birth, taking the 
amount in intense yellow (or red) (eeCFF) as 100. Genes B, 6; P, p have no recognizable effect on 
amount of yellow. Gene C appears to be completely dominant. This is not true of F. The yellow in 
the subterminal band of agoutis (ZA) is visually of the same grade as that in corresponding geno- 
types with ee in place of Eaa or EA. The pigment in EBCppff and EbbCppff is pure yellow or very 
nearly so and has been compared colorimetrically with the yellow standard solution. 














ESTIMATES OF MELANIN 267 





100 EBP 

80 

60 

40 

20 EB ppFF 
EB pp Ff 

0 b—_—e==——3-——_F ° o—o—e—o £8 ppff 


Co dE ES EO AE CS Ae et et che OC 

FicuRE 2.—Relative amounts of sepia pigment in diverse genotypes.at birth, taking the amount 
in intense black (EBCP) as 100. Genes E, B and P appear to be completely dominant with respect 
to sepia. C appears to be completely dominant in the presence of P but may not be quite com- 
pletely dominant with pp. F, f make no recognizable difference in the presence of P, but EppFf is 
less intense than EppFF. Eppff is pure white unless C is present and then is pure pale yellow with 
perhaps an occasional trace of pale sepia. Certain other genotypes, notably c4c*, c4c" and c4c4 in 
association with EBppF approach pale yellow somewhat and would probably show lower values 
than in the figure if allowance were made for this. 


With regard to dinginess of brown, the simplest interpretation under this 
scheme is that the product of the C, P and F series combines with some other 
factor to produce the eumelanic enzyme system and that this reaction is prac- 
tically quantitative up to the limit determined by the amount of this factor. 
It is supposed that this limit is reached in genotype Cc*Ppff and that the 
excess of CPF product in higher genotypes gives rise to an inhibitor which 
tends to transform the brown (but not the sepia) substrate in a way that does 
not lead to pigment. It is further supposed that this diversion takes precedence 
almost quantitatively over the competing process of transformation to brown 
pigment. 

The changes in intensity shown in the second and later pelages are shown 
in figure 4 for yellow and in figure 5 for sepia and brown. Certain points stand 
out clearly after making allowance for irregularities in particular cases due to 
small numbers or to possible minor modifiers. 

Among the yellows the most noteworthy features are the marked fading of 
all genotypes with ff in contrast with the relative constancy of the dilute yel- 
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lows with FF or Ff. Thus eeCf is indistinguishable at birth from eec‘c*F-, 
eec'ctF- and ee‘c*F-, but is easily distinguishable at four months of age by its 
much paler color. This suggests two different yellow forming processes with 
different relations to temperature. The reds (eeCFF and eeCFf) fade about the 
same amount as eeC ff in absolute terms (24 percent of the pigment in eeC FF) 
but much less, of course, on a percentage basis. These results suggest that 
both of the postulated processes occur in these intense types. A minor tendency 
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Ficure 3.—Relative amounts of brown pigment in diverse genotypes at birth, taking the amount 
in intense brown, EbbCP#, as 100. Gene E appears to be completely dominant and this is also true 
of C in the presence of P but C may not be quite fully dominant with pp. In the presence of C, PP 
usually shows a marked reduction of brown pigments as compared with Pp. The irregularity of 
this “dinginess” prevents grading and no average has been obtained. The value shown in the 
figure for EbbCPP applies to high grade dinginess. 


toward fading with c* and intensification with c¢ is suggested by the figures 
but needs more careful control of possible modifiers for its establishment. 

Among the dark sepias (EBP), black (C) and some of the darker types 
(ckc*, ckc*) tend to become somewhat duller after birth. Albinos (c*c*) on the 
other hand, start without pigment, but develop very dark ears, feet and nose, 
and some sootiness on the back as a result of exposure to low temperature. 
There is also a marked darkening of some of the other genotypes, most notably 
c’c* but also c4c*, c’c’, cic’, and cc’. Genotype c*c’ changes little and exhibits 
an intensity both at birth and later that suggests some complementary action 
(heterosis) of c* and c’. 
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Ficure 4.—The changes in intensity between birth (left) and four months or more of age (right) of yellows of genotypes 
eeF F, eeFf, eeff and Eppff. Cases in which only one animal was graded are omitted. The grades at birth are those of the same 
animals graded as adults and thus do not agree fully with those in figure 1. 


Among the pale sepias (EBppF F) there is marked fading of most genotypes. 
Genotypes c’c’ and c’c*, however, become more intense. Thus many of those 
known to be c’c* are pure white at birth, indistinguishable from albinos, but 
become slightly tinged later. The albinos of genotype EBc*c*pp remain pure 
white. 

The dark browns (£d4P) show some parallelism with the dark sepias but 
with a greater general tendency toward fading. Thus the only genotypes 
which with adequate data show darkening at four months of age are c’c*, 
c¢c*, and the albino c*c*. In the latter the ears, feet and nose become strongly 
brown and some brown sootiness may appear on the back. The genotypes 
other than albinism become almost indistinguishable as a result of the opposed 
tendencies. 

The changes in pale browns (£bbppFF) parallel those in pale sepias. Again 
cc’ and c’c* seem to the be only ones that become more intense on rather in- 
quate data, and again there is no darkening of the albinos. The amount of 
reduction in intensity in C seems, however, to be somewhat less than in the 
case of the pale sepias. 

SUMMARY 

Guinea pigs of most of the combinations of the allelic series E, e”, e; B, b; 
C, c*, c*, c’, c*; F, f and P, p have been graded at birth according to intensity 
of eumelanic and phaeomelanic pigment by means of series of skins (re- 
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Ficure 5.—The changes in intensity between birth (left) and four months cr more of age (right) of dark sepias (EBP) and 
pale sepias (EBppFF) on a scale of 100 for black (EBCP); and of dark browns (EZbbP) and pale browns (EbbppFF) on a scale 
of 100 for intense brown (EbbCPp). Genotypes ECBppFf and ECbbppFf are included in broken lines. Cases in which only one 
animal was graded are omitted. The grades at birth are those of the same animals graded as adults and thus do not agree 


fully with those in figures 2 and 3. 


standardized from time to time). The averages in 3 periods (1916-1927, 1933- 
1938, 1939-1944) between which the residual heredities of all types must have 
been largely made over, are in the main consistent. In the later years grades 
have been assigned adult animals. These indicate certain characteristic changes 
of color after the first pelage. 

In many cases colorimetric determinations of the amount of pigment in 
solutions from weighed hair samples have been made for animals to which 
grades had been assigned (described in previous papers). Formulae have been 
derived by means of which average grades may be transformed into estimates 
of geometric means of colorimetric value. The results for all graded genotypes 
are reported and compared (where possible) with the colorimetric averages. 

While many of the factor interactions are superficially cumulative, some 
appear highly paradoxical and the quantitative results present problems for 
interpretation in nearly every case. 
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ESPITE mendelian inheritance, recombinations in the F2 generation of 

characteristics of P individuals are not always readily obtained nor can 
a particular recombination necessarily be produced at all. Among circumstanc- 
es inhibitory of recombination may be mentioned the following: (1) Struc- 
tural disharmonies between the two chromosome sets of an F, hybrid, (2) 
Physiological incompatibilities, (3) Pleiotropy, (4) The multifactorial bases 
of some character differences which can greatly reduce the frequency of paren- 
tal extremes in the F2; and (5) Genetic linkage. 

The various mechanisms mentioned above have somewhat different implica- 
tions with respect to evolutionary and breeding problems and it is therefore 
desirable to be able to discriminate between them. Structural disharmonies, 
which are more apt to be encountered in inter-specific rather than intraspecific 
crosses, may be reflected by observable cytological behavior at meiosis. 
Physiological incompatibility, pleiotropy, and linkage however are quite 
likely to be confounded and the difficulties in distinguishing between them 
enhanced by multifactorial inheritance. ANDERSON (1939a, b, 1948) who has 
discussed these problems at considerable length, fully recognizes the variety 
of causes that can restrict recombination in F,2 and later generations. He is 
inclined, however, to lay particular stress on the importance of linkage, on 
account of its universality, in preventing the amalgamation of related and 
interfertile species that come into contact with one another, and in explaining 
a relative lack of non-parental combinations of characters in inbred lines of 
maize derived from morphologically distinct strains. It is the aim of the pres- 
ent paper to re-examine the theoretical effects of linkage on the frequencies of 
parental combinations and recombinations of characters in the individuals of 
F; populations by a method permitting a clear distinction between them and 
those effects expected from multifactorial inheritance. 


STATEMENT OF THE PROBLEM 


Two graded characters, A and B, will be considered. Each character is 
measured in arbitrary units such that one P individual has both an A-value 
and a B-value of +1/2 and the other P individual has an A-value and B- value 
of —1/2, as illustrated in figure 1. The parents thus differ by unity for each 
character and the means of the parental values are zero. 

The recombination value of an F: individual is defined as its A-value minus 
its B-value. In terms of figure 1, this is proportional to the perpendicular dis- 
tance from the point representing a given F2 individual to the dotted line 
connecting the points representing the two P individuals, Thus the recombina- 
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tion value of either P individual is zero as is also that of any F: for which the 
measures of the two characters are the same. The positions in figure 1 of all 
such individuals lie along the diagonal +P to —P. In the absence of transgres- 
sive inheritance the recombination value can vary between limits of +1 and 
—1; the extreme recombination individuals are like one P with respect to 
character A and like the other with respect to character B. The expected 
variance, under specified conditions, of the recombination value is a reasonable 
measure of the tendency of F2 individuals to possess A and B characteristics 
like opposite P individuals. This measure will be referred to as the recombina- 
tion variance. 
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Ficure 1.—Graphical Representation of Individuals Characterized by Different Gradesof Char- 
acters A and B. The recombination value of any individual, equal to its A-coordinate minus its 
B-coordinate, is proportional to its distance from the dashed line connecting the two P’s. The 
parental-combination value of any individual, equal to the sum of its coordinates, is proportional 
to its distance from the line c-d. Line e represents the positions in the figure of individuals having 
a recombination value of —0.7. 


Another property of an Fy: individual, its parental-combination value, is 
defined as its A-value plus its B-value. In terms of figure 1, this is proportional 
to the distance of a point representing a given F2 individual from dotted line 
c-d. The expected variance, under specified conditions, of the parental-com- 
bination value is a reasonable measure of the tendency of F2 individuals to 
be similar to one or the other P individual with respect to both characters 
simultaneously. This measure will be referred to as the parental-combination 
variance. 
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The following postulates are made for purposes of computation: 

1. The character variation is due entirely to genetic differences. 

2. The allelic differences responsible for the variation of character A are at 
different loci (called a-type loci) from those responsible for the variation of 
character B (at b-type loci). 

3. The effects of allelic substitutions are additive. 

4. One P individual is homozygous for all plus alleles at a-type and b-type 
loci, the other is homozygous for the minus alleles. 

The following postulates apply to those cases involving linkage: 

5. Each locus has an equal and independent probability of lying on any 
particular chromosome. 

6. Linkage, within each chromosome, is complete. 

The effects of relaxation of some of these postulates will be considered in the 
discussion. 
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Symbols used 


1. a;—any particular a-type locus, called the ith locus. 

2. aj—the effect on character of A of making a single substitution of a plus 

allele in place of a minus allele at any a-type locus. 

3. A-—the summation of a; for all the a-type loci on a given chromosome— 
hence also the effect on character A of making a single substitution of a 
particular chromosome derived from the plus P in place of its homolog 
from the minus P. 

. b;—same as qj for character B. 

. Bi—same as q; for character B. 

. B.—same as A, for character B. 

. m—number of chromosome pairs. 

. m,—the number of a-type loci—that is, the number of loci for which the P 
individuals have alleles with differential effects on character A. 

9. m»—the same as , for character B. 


On NN > 


RECOMBINATION VARIANCE AND PARENTAL-COMBINATION VARIANCE 
WITH INDEPENDENT ASSORTMENT 


As a standard for comparing cases involving linkage we take the case in 
which linkage is completely absent and the individual pairs of alleles assort 
independently. Consider first the variance due to a particular pair of alleles at, 
say, the a; locus. Half the F, individuals will be heterozygous, and half will be 
homozygous for either the plus or minus allele. The homozygous individuals, 
as far as this locus is concerned, will differ from the mean by either +a; or 
—aj; so that the variance contribution of this locus is: 


(+oi)* + 200)? + (—ai)? — ai? 


4 2 





Since the mean value contributed by each locus is zero and the assortment is 
independent, the recombination and the parental combination variances are 
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the same and are equal to the sum of the contributions of all the alleles. This 
may be expressed as follows: 


1 na nh 
E >| > a;? + 2 ae | (1) 
2 i=l i=] 


where E means expectation of. 

Consider also the special case in which all allelic differences at a-type loci 
have equal effects on character A, and all allelic differences at b-type loci 
similarly have equal effects on character B. In this case every a has the value 
1/2n, and every 8 has the value 1/2. For this case then expression (1) has the 


following form: 
it EN. wet 202.) BEE 1 
HQ  « 
2 \2n, 2 \2m 8 Ln, Np 


RECOMBINATION VARIANCE WITH COMPLETE LINKAGE 


With complete linkage, the m pairs of chromosomes assort independently. 
The contribution of any particular chromosome pair to F2 recombination vari- 
ance depends on the difference between the sum of the a’s (=A,) and the sum 
of the 6’s (=B,) for all a-type and b-type loci respectively on this pair of 
chromosomes. In the F2 half the individuals are heterozygous for the two 
homologs which therefore contribute nothing to recombination value and the 
other half are homozygous for one or the other which therefore contribute 
either (A.—B,) or —(A.—B,) to the recombination value. The variance con- 
tribution of this pair of chromosomes is therefore (1/2)(A.— B,)?. To evaluate 
this expression we note that the mean values of A, and B,, for all possible dis- 
tributions of loci on the m pairs of chromosomes, are each equal to1/2m. 
Therefore subtracting from both A, and B, their mean values does not alter 
the value of the binomial in the expression above, which becomes: 


3[(Ac =F A.) Mitel (Be ms B,) |?. 


The deviations of A, from its mean, for all possible assignments of the a-type 
and b-type loci to the various chromosomes, are independent of the deviations 
of B, from its mean. Therefore in expanding the square of the binomial the 
cross products vanish on the average, and the mean value or expectation of this 
expression may be written as follows: 


1E(A, — A)? + $E(Be — B,)?. (3) 


In (1/m) proportion of the distributions of loci on chromosomes, some par- 
ticular locus a; will be present on a particular pair of chromosomes and will 
contribute (a;—«a;/m) to the value of (A.— A,), in (m—1)/m proportion of the 
distributions, locus a; will be absent and will therefore contribute (—a;/m) to 
the value of (A.—A,). The mean contribution is of course zero, and since the 
probability of each a-type locus lying on a particular chromosome pair is equal 
to and indepencent of the probabilities of the others, each locus can be con- 
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sidered to make its separate contribution to the value of E(A.—A,)?, the total 
value for all distributions of a-type loci being the summation of the independ- 
ent contributions. The mean contribution of locus a; is: 


1 ai\? m—1/ai\? m-—1 
ee 
m m m m m? 


and the summation for all a-type loci is: 


m= By oe 
ma) Sav. 
m* 1 


A corresponding expression gives the mean contribution of all m loci to 
E(B.— B-)*, and expression (3) may, then, be written: 


(m— 1) ss me 
| Dat + Dae], 
1 1 


Considering the population of all possible pairs of chromosomes in the F» for 
all possible distributions of loci on the chromosomes, a random selection of m 
pairs of chromosomes would have a variance of m times this value, or: 


jo na b 
2 | DD ai?+ Dd a|. (4) 
2m 1 1 
Since the mean A-value and B-value of all F2 individuals from a given F; par- 
ent are both zero, the above expression also gives the mean recombination 
variance of the m pairs of chromosomes corresponding to F2 individuals. 
Consider also, as before, the special case in which all allelic differences at 
a-type loci have equal effects on character A, and all allelic differences at 
b-type loci similarly have equal effects on character B. In this case every a has 
the value 1/2”, and every 8 the value 1/2, and expression (4) becomes: 


(m—1)T 1 1 r 
= E+3] o 
8m No Ny 


Comparing expressions (1) and (2) with (3) and (4) we see that, under the 
conditions postulated, and regardless of the number of loci involved and the 
equality or inequality of their differential effects, complete linkage has reduced 
the expectation of recombination variance over that expected in independent 
assortment by the proportion 1/m where m is the number of chromosomes. 
With ten pairs of chromosomes and linkage complete the reduction is thus 
only 10 percent. 

The proportion 1/m is easily checked for simple special cases. For example if 
N= m= 1, the probability of the a- and b-type loci being on the same chromo- 
some pair is 1/m; if they are on the same pair of chromosomes, and linkage is 


* Expression (5) may also be obtained directly from (3) since E(A.— Ac)* for a particular pair 
of chromosomes is the variance of a binomial (=pqn) multiplied by the variance contribution of a 
single item. Here p=1/m, q=1—p, n=m,, and the contribution of a single item is (1/2m,)*. 
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complete, the recombination variance is zero, if they are on different chromo- 
somes, the recombination variance is that for independent assortment. The 
mean variance is thus reduced by the proportion 1/m of the value it would have 
in the entire absence of linkage. As another example we may take »,=2 and 
m= 1 in which case the probability of all loci being on separate chromosomes 
is (m—1/m)(m—2/m), of the a-type loci being on separate chromosomes and 
the b-type locus on one of the same chromosomes is (2/m)(m—1/m), of the 
a-type loci being on the same chromosome and the b-type locus on a different 
one is (1/m)(m—1/m), and of all loci being on the same chromosome is 
(1/m)(1/m). If we assign a contribution to variance of an independently as- 
sorting a-type locus of (1)?, that of an independently assorting b-type locus 
must be (2)? and the variances for the four cases described are 6, 2, 8, and 0 
respectively. Weighting these values in proportion to their probabilities yields 
a mean of (m—1/m) (6) as compared to the value (6) under independent as- 
sortment. Similar checks have been made for more complicated cases. 

It may appear surprising that linkage would not, under the conditions pos- 
tulated, reduce the recombination variance to a greater extent than the fore- 
going analysis indicates. The explanation is that with multifactorial inheri- 
tance linkage actually increases the F, variance of the individual characters, 
and this increase in variance of the separate characters over that afforded by 
independent assortment nearly compensates for the tendency of linkage to 
prevent the separation of alleles lying in the same linkage group. This variance 
increase due to linkage will be demonstrated in the next section. 


EFFECT OF LINKAGE ON THE Feo VARIANCE OF A SINGLE CHARACTER WHERE 
ALL PLUS ALLELES COME FROM ONE P 


With independent assortment, as shown in a previous section, each a-type 
locus makes an independent contribution toward the variance of character A 
in the F2 equal to a;?/2. The total contributions of all a-type loci may then be 
written as expression (1) without the term for 6-type loci, and substituting m 
for ma, as follows: 


n 


on " 


For the special case where all allelic substitutions have equal effects we can 
similarly use the corresponding part of expression (2) without the term for 
b-type loci, again substituting for ma: 


(7) 
8n 

With complete linkage within chromosomes, however, each chromosome pair 
makes its independent contribution and the total F2 variance for any given F; 
individual may be written: 


m A,” 


2. 


—- 





(8) 
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where A, is the summation of the a’s corresponding to all the a-type loci in a 
given chromosome. This expression is clearly greater than expression (6) pro- 
viding at least one chromosome pair possesses more than one a-type locus. 
In order to gain some idea of comparative magnitudes we consider again the 
case where all allelic substitutions have equal effects. The expected distribution 
of the number of a-type loci on individual chromosome pairs is given by the 
expansion of (¢+)”" where , the probability of a given locus lying on a par- 
ticular chromosome, is 1/m, q is [1 —1/m], and the successive terms are the 
probabilities of a chromosome pair possessing 0, 1, 2, . ... etc. a-type loci. If 
we multiply each term of this expansion by the square of the corresponding 
number of loci, then multiply each of the products by [1/8n?] which is the 
contribution that a single independently assorting locus would make, and 
finally sum all the terms thus obtained, the result is the expected contribution 
to F. variance of a single pair of chromosomes. These operations are indicated 


below: 
1 n(n — 1)g*-*p*(2)? 
g"(0) 4 ng" 'p(1)? 4 “ ™ z . . 
8n? 2! 


a(n — 1)(n' — 2)q"*P(3)* 


3! 
p _ hie = Be — Z)gt D735) 
= —| g*' + (n — I)g* *p(2) 4 - 
8n 2! 
p ee = De = 2g" 
= g*' + (n — 1)q""*p 4 + 
Sn 2! 
p (mn — I) = Zig “p*(2) 
t gO) + (a — Det =I): + ' ‘ : + 
Sn 2! 


p 1 m+n I 
= —|1+ p(n —1)| = 
8n Sum m 
We may multiply this expression by m in order to obtain the F2 variance for 
m pairs of chromosomes, the same considerations applying here as were dis- 
cussed in the section on recombination variance with complete linkage. The 
I’, variance is therefore: 
Llfim+n-— i! 
(9) 
Su m 
Comparing expressions (9) and (7) we see that, under the conditions postu- 
lated, linkage increases the F2 variance of a single character by the factor 
|(m+n—1)/m]. This factor is always greater than unity (unless n=1) but 
approaches unity when the number of chromosome pairs, m, is large compared 


to the number of loci, ”; in this case most loci will be on separate chromosomes 
and will therefore assort independently of all other loci. It should be noted, 
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furthermore, that expression (9) is always greater than 1/8m except when 
m= 1 and approaches this value when x, the number of loci, is very large com- 
linkage is thus somewhat greater than 1/8m or 1/8n, being characteristic of 
either the number of chromosome pairs or the number of gene pairs, whichever 
is the smaller and yields, therefore, the higher variance. 


pared to m, the number of chromosomes. The I, variance under complete 


PARENTAL-COMBINATION VARIANCE 


Following the method of the last section it is easy to determine the parental- 
combination variance for the special case where #2=m and all allelic differ- 
ences have equal effects. In this case the parental-combination variance con- 
tributed by a given chromosome pair depends only on the total number of loci 
it contains irrespective of the proportions of these that are a-type and b-type. 
There are therefore 2x loci distributed at random on m chromosomes, but the 
values of a; and of (; are all 1/2 as before. The variance contributed by a 
single chromosome is, therefore, equal to: 


2n(2n — 1)g?"-'p?(2)? 


>! 


ae + (28)q** "pl? + 


n* 
and proceeding as before this may be shown to yield: 


2 1 2n — 1 
= [1 + p(2n — 1)] = ("= ia |. 


8n 4nm m 


Multiplying by m in order to obtain the variance of m pairs of chromosomes, 


we have: 
1 [m+ 2n -—1 
- - —|. (10) 
4n m 


To obtain the variance in the comparable case with independent assortment 
we substitute # for #2, and m, in expression (2) which then becomes: 


1 


: (11) 
4n 


A comparison of expressions (10) and (11) shows that linkage increases the 
parental-combination variance under the conditions mentioned by the factor 
(m+2n—1)/m. This factor is close to unity where m, the number of chromo- 
somes, is large compared to 2m, the number of a-type and $-type loci com- 
bined; in this case there is an approach to independent assortment. Where 2” 
is large compared to m the parental type variance may be greatly increased 
over that expected in independent assortment. For example, if the number of 
chromosome pairs is 10 and the numbers of a-type and b-type loci are each 20, 
the parental-combination variance will average 4.9 times the value under 
independent assortment. 
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CORRELATION IN THE F2 


With independent assortment, characters A and B would not be correlated 
under the postulates given. With linkage, however, correlation is to be ex- 
pected and this correlation can be expressed in terms of the ratio of the 
parental and recombination variances. It is not difficult to show that the cor- 
relation coefficient, in the case of a normal surface with equal variances along 
the two axes, is given by the following expression where & is the ratio of the 
two diameters of the ellipses composed of contours of uniform density: 
r=(1—*)/(1+#?*). Substituting for k? the ratio of parental combination vari- 
ance (formula 9) to recombination variance (formula 5 setting »,=m, =m) the 
following expression is obtained: r=/(m-+-n—1). This expression gives the pre- 
cise ratio of mean covariance to the root-product of the mean variances for all 
distributions of loci under the postulates listed, even where the number of 
loci is small. The correlation coefficient itself is slightly biased since the ratio 
of two unbiased estimates is itself not necessarily unbiased. 

The mean correlation for all distributions of loci is unity only where there is 
one chromosome pair with complete linkage. Where there are several chromo- 
somes with complete linkage and the number of loci for each character equals 
the number of chromosomes, the correlation is slightly greater than 0.5. Where 
loci for each character are several times as numerous as complete linkage 
groups, the correlation becomes high with unity as a limit. 


DISCUSSION 


It has been shown that complete linkage, under the conditions postulated, 
decreases the F: recombination variance by only the proportion 1/m on the 
average where m is the number of chromosome pairs; the parental combination 
variance, on the other hand, may be considerably increased over that expected 
with independent assortment, the factor of increase being (m+2n—1)/m for 
the case in which the numbers of a-type and b-type loci are each equal to 
and all allelic substitutions have numerically equal effects. Table 1 gives the 
standard deviations expected under independent assortment and under linkage 
for ten pairs of chromosomes and different values of m, the unit of measurement 
being the P difference. From the table it can be seen that, under independent 
assortment, as the number of factor pairs per character increases from one to 
1000, the F, standard deviation decreases by the square root of this ratio, or 
by a factor of over 30. Under linkage, with ten chromosome pairs, the F»2 
recombination standard deviation is always nine-tenths of this value and hence 
is also reduced by a factor of over 30, but the parental-combination standard 
deviation by contrast is only reduced by a factor of a little more than one- 
half. The parental-combination variance does not decrease very much after 
the number of factor pairs per character becomes equal to the number of chro- 
mosome pairs. 

The cases for 10 and 100 factor pair differences per character are illustrated 
in figure 2, the circles indicating the two standard deviation limits for inde- 
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TABLE 1 


F2 standard deviations for ten pairs of chromosomes 
(for other conditions see text). 





STANDARD DEVIATIONS 











NO. OF G-TYPE a CORELATION 
LINKAGE 
AND OF b-TYPE BETWEEN 
INDEPENDENT a ee 
LOCI (m) eu A AND B 
ASSORTMENT PARENTAL- 
RECOMBINATION 
COMBINATION 
1 a .474 .524 | 
3 .289 .273 .343 ao 
10 .158 .150 . 269 .53 
30 -091 .087 .240 PY 
100 .050 .047 .229 .92 
300 .029 .027 .225 .97 


1000 .016 .015 224 .99 











FicurE 2.—F; Populations With and Without Linkage. The small circle and the small ellipse 
represents the two standard deviation limits, for independent assortment and linkage respectively, 
for one hundred a-type and one hundred 6-type loci. The large circle and large ellipse represent 
the same for ten a-type and ten b-type loci. Based on ten equal chromosome pairs with complete 
linkage within chromosomes. 
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pendent assortment and the ellipses the same for complete linkage. As this 
figure shows, the narrowness of the distributions with many loci under linkage 
is mainly due to its extension in the direction of parental-combination types 
rather than its contraction in the direction of recombination types. The major 
restriction of F; recombination variance with multifactorial inheritance is thus 
a consequence of the large number of loci among which the total genetic differ- 
ences are apportioned. 

Where there are many loci and few linkage groups, extreme F; recombination 
individuals, that is those very similar to different P individuals with respect 
to different characters, are impossible. The elimination of such individuals 
from the F: distributions might be expected to decrease recombination vari- 
ance to a greater extent than the foregoing analysis indicates. Even under 
independent assortment, however, where many factor pairs are segregating the 
probability of obtaining the extreme recombination type individuals is vanish- 
ingly small. If there are ten pairs of a-type genes and ten pairs of b-type genes, 
the probability of an F2 individual possessing all twenty a-type alleles from 
either P parent and all twenty b-type alleles from the other, under independent 
assortment, is (1/2)*° or less than one in five-hundred-thousand-million. The 
probability of an F2 individual possessing four-fifths or more of the a-type 
alleles from either parent and, at the same time, four-fifths or more of the 
b-type alleles from the other, in this case, is about one in fourteen thousand. 
Within the range of reasonably probable combinations, and under the condi- 
tions postulated, linkage reduces only slightly the degree to which character- 
istics of opposite parents are likely to be combined except where the number of 
chromosome pairs is quite small. 

The postulates underlying the foregoing analysis are never completely real- 
ized in practice. Linkage is ordinarily far from complete, and crossing-over is 
expected to modify the results in the direction corresponding to a larger num- 
ber of chromosome pairs and of independent assortment. With incomplete 
linkage, then, the reduction in recombination variance should be even less than 
the proportion 1/m and the factor of increase of parental-combination variance 
less than (m+ 2n—1)/m. Asa reasonable first order allowance for incompleteness 
of linkage, m could be set equal to the number of chromosome pairs plus the 
mean number of chiasmata in all the chromosomes, or equal to the number of 
chromosome pairs plus the total number of map units divided by 50. In maize 
the value of m, on this basis, would be at least 24; therefore it would require 
about 24 equally effective gene pair differences affecting each character to 
bring the expected correlation due to linkage as high as 0.5. Another likely 
departure from the idealized model is the possession by the plus parent of 
some minus alleles and by the minus parent of the corresponding plus alleles 
for each character. The modification of expected F: variance due to this situa- 
tion is toward that of independent assortment; in the extreme case, where the 
plus alleles at all the loci have equal and independent probabilities of coming 
from either P individual, the expected F, variances are exactly those expected 
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in independent assortment. In such a case, however, the character differences 
of P individuals would furnish no criterion of the sum of the genetic differ- 
entials and in intermediate cases the F2 variances would be proportionately 
large in terms of P differences for any particular values of m and n. 

The deviations from the postulated model just discussed would tend to re- 
duce the effects of linkage on F2 variances. Other circumstances could, however, 
accentuate its effects. With unequal genic content of different chromosomes, 
more loci would tend to lie on fewer chromosomes, and the variance would be 
modified in the direction characteristic of fewer chromosomes. In case parental 
differences are due chiefly to one or a few chromosomal segments introduced 
by introgressive hybridization, the results could be that expected for one or a 
very few chromosome pairs. Where the number of allelic differences is small, 
chance distribution may sometimes lead to results quite different from the 
mean expectation. F, heterozygosity for reciprocal translocations or other 
chromosomal disharmonies can result in effective linkage between loci of dif- 
ferent chromosomes through modified meiotic distributions and inviability of 
some gametic and zygotic combinations. Conceivably other causes might lead 
to closer linkage between differentials for different characters than would be 
expected by chance. 

Other sources of F2 variance are always superimposed on those due to segre- 
gation of linked and unlinked genes. Pleiotropy if present acts like complete 
linkage of gene differentials affecting two or more characters and can increase 
either parental or recombination variance. The former is, however, somewhat 
more likely either for the reason that whatever selection may have been re- 
sponsible for the divergence of the P types would utilize those pleiotropic dif- 
ferences, if available, affecting both characters in the direction of selection, or 
that a preponderance of a given type of pleiotropy among gene differentials 
for the characters concerned could restrict genetic plasticity and hence also the 
P types likely to exist. Non-genetic influences almost inevitably increase 
variances and the increases in the Fs parental-combination and F, recombina- 
tion variances due to these causes may be very different, because environmen- 
tal variables, like pleiotropic genes, can have simultaneous effects on two or 
more characters. 

SUMMARY 


The apportionment of total genetic differences between parents among a 
large number of loci severely restricts genetic recombination variance in F» 
populations; only a slight additional reduction is, on the average and in the 
absence of special circumstances, attributable to linkage. Linkage, however, 
can be expected to increase the variation of F, character combinations im the 
direction of the parental types and this increase can be very great where the 
number of factor pair differences is large compared to the number of chromo- 
some pairs. Formulae are derived for estimating the effects of linkage on Fy. 
recombination variance and parental-combination variance and correlation in 
terms of number of chromosome pairs and number of loci involved. 
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INTRODUCTION 


UMEROUS investigators have presented evidence indicating that the 

sensitivity of chromosomes to short wave irradiation may differ at differ- 
ent stages in the cell cycle (see below for references), but thus far we have no 
clear idea of the detailed nature or the cause of these differences in terms of the 
mechanisms involved. The present investigation represents an attempt to se- 
cure additional specific information on the subject in material which is in cer- 
tain respects particularly favorable for the purpose. The organism used is 
Sciara ocellaris Comst. Earlier studies (MEtTz and Bocue 1939; Metz and 
BozEMAN 1940, 1942; REyNoLps 1941; BozEMAN 1943) have shown that in the 
maturing odcytes of this species a very wide sensitivity range is found when 
different stages are compared. The main criteria used are the frequency and 
the nature of chromosome rearrangements induced at different stages of the 
meiotic cycle. In the present work these earlier studies have been extended, 
with especial regard to the relation between the variation in sensitivity and the 
developmental changes in behavior and physical characteristics of the chro- 
mosomes. Owing to the fact that in Sciara the odcytes all develop synchro- 
nously, and to the fact that the genus belongs to the Diptera, it is possible to 
identify the meiotic stage and chromosome condition at the time of irradiation 
and also to make use of the giant salivary gland chromosomes for detailed 
analysis of the nature of the recovered rearrangements. So far as we are aware, 
no other material combining these advantages has been used for the present 
purpose. 

An abstract covering most of the present work was published in 1943 
(BozeMAN 1943). Unfortunately, the study was interrupted at that time by 
war activities and there has been no opportunity to complete it. Likewise, 
completion of the present manuscript has been long delayed. The interpreta- 
tions were discussed and some of them presented in abstract form in 1947 
(Metz 1947). Since a few points remain to be cleared up, full discussion will 
not be attempted here; but the data on hand will be presented in some detail 
so as to be available for future reference. Especial attention will be given here 
to three points: (1) the possible significance of the great change in apparent 
sensitivity of the chromosomes which occurs almost abruptly at the time of 
onset of the first odcyte division, (2) the unusual phenomenon of apparently 


! The present study has been carried on with the aid of grants, at different times, from the 
CARNEGIE INSTITUTION OF WASHINGTON, the AMERICAN PHILOSOPHICAL SocreTy and the ROCKE- 
FELLER FOUNDATION. 
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complete insensitivity which precedes this change and (3) the apparent corre- 
lation between type of rearrangement induced and stage treated—that is, dif- 
ferences in relative frequencies at different stages. 

In considering the literature on variations in sensitivity to irradiation it is 
difficult to determine how much is pertinent to the present topic. Many studies 
which do not consider mitotic stages or chromosome rearrangements as such 
may nevertheless have a bearing on our general problem. Consequently the 
following brief resumé includes studies of several kinds. The results are sum- 
marized in table 1 below. General reviews are given by Packarp (1931), 


Mottram 1931 
Henshaw and Francis 1935 
Guyer and Claus 1939 
Mottram 1931 

Whiting, A. R. 1940 
Sonnenblick 1940 


Demerec and Kaufmann 1941 

Demerec, Kaufmann, Sutton 
and Fano 1941 

Strangeways and Oakley 1923 

Strangeways and Hopwood 1926 

Spear 1932 

Mottram, Scott and Russ 1926 

Henshaw and Cohen 1940 

Carlson 1938, 1940, 1942 

Stone 1933 

Marshak 1935, 1937, 1939 

Gustafson 1937 

Eker 1937 

Sax 1938 

Sparrow 1943, 1944 

Whiting, A. R. 1941 

Rick 1943 


TABLE 1 


CRITERION OF 

SENSITIVITY 
Reduction of growth 
Retardation of growth 
Growth of carcinomata 
Hatching of eggs 
Hatching of eggs 
Hatching of eggs 


Dominant lethals in sperm 
Dominant lethals in sperm 


Delay in mitosis 

Delay in mitosis 

Delay in mitosis 

Cell death 

Delay in cleavage 
Stoppage of mitosis 
Chromosome aberrations 
Chromosome aberrations 
Chromosome aberrations 
Chromosome aberrations 
Chromosome aberrations 
Chromosome aberrations 
Chromosome aberrations 
Pollen abortion 


ee 


Results of earlier studies on variation in sensitivity to irradiaiton 


MOST SENSITIVE 
STAGE 





Mitotic stages 

Premitotic 

Colchicine metaphases 

Metaphase and anaphase 

Metaphase and anaphase 

Mature eggs (metaphase or 
anaphase?) 

Mature sperm (resting stage)* 

Mature sperm (resting stage) 


Preprophaset 
Preprophase 

Preprophase 

Mitotic stages 
Preprophase 

Middle prophase 

24 hours before division 
Prophase 

Prophase 

More condensed chromosomes 
Meiotic prophase 
Anaphase and metaphase 
Metaphase 

Meiotic prophase 


* Difference illusory, according to authors. 
ft Possibly purely physical phenomena, that is, viscosity changes. 


OLIVER (1934), GoopsPEED and UBER (1939) and Sparrow (1944). The dif- 
ferences investigated include sex differences, age differences, variation in mi- 
totic and meiotic stage, variation in external conditions and variation in kind, 
dosage and intensity of irradiation. From the results of such investigations 
deductions have been made as to the method of action of the irradiation and as 
to the response of the cell to irradiation, but the full significance is not clear 
in any one case. 
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Various standards have been employed to measure the sensitivity of cells at 
the different mitotic stages, and the choice of a standard has probably affected 
the results and their interpretation. The same standards, however, when ap- 
plied to different organisms yield divergent results. Using growth rate asa 
measure of sensitivity to irradiation the most sensitive stages were found by 
Mottram (1931) to be the mitotic stages, by GuyER and CLaus (1939) to be 
metaphase, by HENSHAW and FRANcis (1935) to be the premeiotic period. 
Using mortality as a standard the most sensitive stages were found by Mor- 
TRAM (1931) and A. R. Wuitrnc (1940) to be metaphase and anaphase. Simi- 
larly, SONNENBLICK (1940) found mature (anaphase ?) eggs of Drosophila most 
sensitive and DEMEREC and KAUFMANN (1941) and DEMEREC, KAUFMANN, 
SuTTON and Fano (1941) found mature sperm (resting stage ?) most sensitive. 

Delay in mitosis or cleavage following irradiation is probably not compara- 
ble with chromosome aberrations or with mortality as it is a temporary phe- 
nomenon and may be due to a reversible alteration in viscosity of the cyto- 
plasm. Division is generally delayed most when organisms are irradiated during 
preprophase stages (STRANGEWAYS and OAKLEY 1923; Mottram, Scott and 
Russ 1926). CaRLson (1938, 1940, 1942), however, found the middle prophase 
most sensitive. 

When we consider the production of chromosomal aberrations by irradiation 
at various mitotic stages we find considerable confusion. This is brought about 
by the use of a variety of organisms, by examination at widely varied intervals 
after treatment (e.g., at the succeeding anaphase in Tradescantia and in the 
salivary glands of developing F; larvae in Diptera) and by the impossibility of 
counting comparable aberrations when the organisms and the time of exami- 
nation differ so widely. Prophase stages have frequently been found to be most 
sensitive (STONE 1933; MARSHAK 1935, 1937, 1939; GusTaFsson 1937; EKER 
1937; Sax 1939). More recently metaphase and anaphase have been shown to 
be extremely sensitive (NEWCOMBE 1942; A. R. WuitTinc 1942; SPARROW 1943, 
1944; BozeMAN 1943). Drosophila work cannot be included because the mitotic 
stage at time of irradiation has not been determined and chromosome aberra- 
tions have not been used as criteria of sensitivity. When mutations, lethality, 
elc., were considered, mature eggs and sperms (anaphase and resting stage, 
respectively) have usually been found to be most sensitive to irradiation 
(Harris 1929; Hanson and Heys 1929; HANSON and WINKLEMAN 1929; 
MULLER 1930, 1940; PatTERSON, BREWSTER and WINCHESTER 1932; MooRE 
1934; Kossikov 1937; SONNENBLICK 1940; DEMEREC and KAUFMANN 1941). 

In Sciara ocellaris the odcytes not only develop synchronously, but through- 
out their later development (from early larval stage) possess relatively con- 
densed, stainable chromosomes whose physical condition can be determined 
with considerable accuracy. The earlier studies on this species, cited above, 
have shown that during the long growth period the chromosomes appear to be 
insensitive to irradiation, but that following this period they rapidly acquire a 
high degree of sensitivity. In the present investigation it has been possible to 
correlate more exactly the cytological behavior of the chromosomes with the 
degree of sensitivity and apparently also with the nature of the induced rear- 
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rangements. The stage of meiosis of the odcytes at the time of irradiation was 
inferred from the stage of eggs of control flies. Previous cytological studies have 
shown that within any one strain of Sciara those flies emerging on one day from 
sister cultures, if kept at a constant temperature after eclosion, will have 
odcytes which reach a given meiotic stage at the same number of hours after 
eclosion of the adults. The variation in flies from sister cultures is very slight 
and control flies were taken from each hourly collection of flies. Sensitivity was 
measured by analysis of aberrations in the salivary gland chromosomes in F; 
larvae. The detectable aberrations are therefore limited to those which permit 
full development of the larvae. 


METHODS AND TERMINOLOGY 


Salivary gland slides: All examinations of F, salivary glands were made from 
permanent slides prepared by a modification of the technique of HUGHES 
(1939) which was adapted for Sciara by Miss JEAN LANE. Well grown larvae 
in which the “eye-spots” were visible were removed from the culture vials and 
placed in Ringer’s solution. The larvae were dissected in 45 percent acetic acid 
and the salivary glands smeared by dropping a cover slip on the glands in a 
very small drop of 45 percent acetic acid. The slides were allowed to stand 
in 95 percent alcohol vapor for two hours. The covers were then soaked off in 
95 percent alcohol and the tissue adherent to slides or covers was washed in 
45 percent acetic acid, stained for five to ten minutes in aceto-carmine, washed 
in 95 percent alcohol, differentiated in 45 percent acetic acid and again washed 
in 95 percent alcohol and mounted in Diaphane. 

Odcyte slides: For oécytes from adults more than 24 hours old, the Feulgen 
nucleal-reaction can be used. The method described by ScHmuck and MEtTz 
(1931) was used. It has not been found possible to obtain a Feulgen reaction in 
the odcyte nuclei of eggs from adults less than 24 hours old. For the determi- 
nation of the condition of the chromosomes in eggs of these younger adults 
smears were made in the following manner. The flies were dissected in Ringer’s 
solution and a few eggs were removed from one ovary and placed in a small 
drop of Ringer’s solution on a slide. With a very fine needle each egg was 
broken and smeared out from the drop of Ringer’s. Five percent formaldehyde 
was dropped on the slide immediately. Following a 10-20 minute fixation in the 
formaldehyde the slides were treated with Gilson’s fixation fluid for 20 minutes. 
They were then thoroughly washed in tap water and stained with Heiden- 
hain’s haematoxylin or Ehrlich’s haematoxylin. 

Collection of adults: For each experiment closely related cultures were se- 
lected and were kept under constant observation during the collection of adults 
so that there might be no question of the virginity of the females. Sciara adults 
usually emerge before noon, so most of the collections were made in the morn- 
ing. Immediately after eclosion adult females were shaken without etherization 
into fresh vials. Virgins were collected for one hour periods and stored at a 
constant temperature of 23°C. The mid-point of the hour was taken as the age 
for the entire group so that the age of each fly was known +} hour. 
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Treatment: For irradiation the females were etherized and one female was 
removed from each group for determination of the meiotic stages of her odcytes. 
The others were placed in a small dish filled almost to the brim with agar. They 
were then covered with gauze held down with a brass ring. All the flies were at 
the same level and so received approximately the same dosage. 

Treatment was administered at the Radiation Therapy Department of the 
Hospital of the UNIVERSITY OF PENNSYLVANIA through the kindness of Dr. 
Pui.ip J. Hopes and his staff. Treatments of about 1100 r were given at 25 cm 
target distance with a tube operated at 200 kV and 15 mA, delivering about 
265 r/min; } mm copper and 1 mm aluminum filters were used. Twenty-four 
experiments involved use of wild-type stock. In twenty-two of these the flies 
were given 1088 r at the rate of 277 r/min; the other two received 1116 r at the 
rate of 248 r/min. Sixteen experiments involved use of yellow stock. In nine of 
these the treatment was 1089 r at 242 r/min; in the remaining seven it was 1116r 
at 248 r/min. 

The control females were dissected at the time the experimental flies were 
being irradiated. After irradiation the treated females were again etherized and 
placed in individual culture vials with several vigorous young males. 

Stocks: Two strains of S. ocellaris were used in these experiments; one wild 
type (Hammonds) and one yellow, a sex linked mutant body color. The data 
concerning the two types are analyzed separately as there is a slight difference 
in timing and cytological appearance of the meiotic divisions. 

Terminology etc.: It is necessary in the present paper to designate individu- 
ally the period of relatively rapid shortening and movement of the odcyte 
chromosomes during which they pass from their position near the periphery of 
the nucleus to the metaphase plate of the first division spindle. In the absence 
of any generally accepted term for this period we refer to it here as “prophase” 
and refer to the earlier stages as “pre-prophase.” The latter term thus becomes 
comparable with “early meiotic prophase” as used by many authors who in- 
clude under “prophase” all the stages from leptotene to metaphase of the first 
division (see, e.g., SPARROW whose work is discussed below). 

Since we consider it improbable that X-rays cause actual chromatid breaks 
directly we use the term break in a qualified sense and put it in quotation 
marks. 

Owing to the fact that the data presented here do not involve large numbers, 
statistically, percentages are given for the most part in round numbers, omit- 
ting decimals. This introduces slight discrepancies in some of the totals, but 
avoids the implication of greater statistical significance than is warranted. The 
actual numbers upon which the calculations are based are given in the tables. 


OBSERVATIONS 
Odgenesis in Sciara ocellaris 


The development of the odcytes in S. ocellaris has been described by BERRY 
(1941) and a more exact determination of the condition of the chromosomes in 
the later stages was made by Metz and Bozeman (1940). The germ cells de- 
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Ficure 1.—(a, 6, c—left to right) Photomicrographs of oécyte chromosomes of Sciara ocellaris 
Comst. during the late growth stage (“insensitive” period) shortly before the beginning of the first 
meiotic division. From nuclei dissected out of the eggs and fixed and stained directly on the slide, 
without embedding or sectioning (see METz and BozEMAN 1940). Fixed in formalin, followed by 
Gilson’s fluid; stained in Ehrlich’s haematoxylin. 

a and b, upper and lower focal levels, respectively, in one intact nucleus showing the relative 
positions and spacing of the chromosomes (tetrads). c, a similar nucleus, crushed and flattened, 
showing better the detailed appearance of the chromosomes. Original magnification 1700; re- 
produced same size. See Crouse 1943, plate 8, figs. m and o for examples in another species. 
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FiGuRE 2.—Metaphase chromosome group from germ line of Sciara ocellaris. 
Drawing by Dr. H. V. Crouse. 


velop synchronously during the entire life of the individual, that is, from the 
fifth cleavage, when they reach the posterior pole plasm, until deposition of the 
eggs which are then in anaphase of the first meiotic division. Following segre- 
gation of the primordial germ cells a few divisions occur at the pole, after which 
the odgonia do not divide again until about the second larval instar. DuBois 
(1932) has described the migration of the germ cells from the posterior end of 
the egg to the future site of the gonads. There the germ cells are surrounded by 
somatic follicle cells. During the third, fourth and fifth days of larval life the 
oégonial divisions occur and on about the sixth day one-half the odgonia dif- 
ferentiate into nurse cells and one-half into primary odcytes. Synapsis occurs 
early in the development of the primary odcyte nuclei and the paired chromo- 
somes then become arranged at the periphery of the nucleus in the form of long 
easily stained threads. Photomicrographs of this stage are shown in figure 1. 
This condition persists for two weeks, with some increase and later a decrease 
in nuclear volume but without any apparent movement of the chromosomes. 
The nurse cell nuclei increase tremendously in volume and at pupation one 


nurse cell and one odcyte nucleus become surrounded by a number of follicle 
cells to form each egg. Ordinarily about 50-100 eggs are formed in each ovary. 
Growth of the nurse cell nucleus continuesand a large amount of yolk is formed. 
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The nurse cell nucleus occupies the anterior end of the egg; and the odcyte 
nucleus lies near the periphery of the egg, close to the nurse cell nucleus in 
young eggs, and about one-third of the way down from the anterior end in fully 
developed eggs. After eclosion of the adult the nurse cell gradually disappears. 

When preparations are stained with haematoxylin no significant change is 
apparent in the condition of the chromosomes from their first appearance as 
condensed threads until the maturation divisions begin. That some change in 
viscosity of the nucleoplasm or in relative density of chromosomes and nucleo- 
plasm, occurs at the time of pupation is indicated by the fact that the chromo- 
somes may be displaced by mild centrifugation before, but not after, pupation. 
Some chemical change also occurs, for the chromosomes stain deeply with the 
Feulgen method at all times after differentiation of nurse and odcyte nuclei 
except during a twenty-four hour period immediately following eclosion of the 
adult. Therefore, although no movement of odcyte chromosomes seems to oc- 
cur during the growth of the egg, the condition of the chromosomes is not 
static. 

The long period of apparently arrested prophase is followed at about 26 
hours after eclosion by a relatively rapid condensation and movement of the 
chromosomes to the spindle. No clear metaphase plate is formed and appar- 
ently anaphase separation begins as soon as the chromosomes are fully con- 
densed. Anaphase movement is arrested when the dyads are separated by a 
distance of about one-half the length of the rods. This occurs at about 29 hours 
after eclosion and no further change is then seen in the chromosomes until the 
eggs are laid at 60-72 hours after the females have emerged. Fertilization oc- 
curs as the eggs are laid. The females die within a few hours after deposition of 
the eggs. 


Effects of Irradiation 
Percentage of odcytes affected 


The accuracy of the determination of the stage of the odcytes at the time of 
irradiation depends upon the degree of synchrony of development of the 
odcytes of the treated females and those of the controls and also upon the 
synchrony within any one female. In the control slides examined, the eggs in 
prophase, mid-anaphase and late anaphase showed complete synchrony within 
any one slide, but when grouped by cytological stages there is some overlapping 
of chronological age groups, especially in experiments conducted on different 
days. The cytological stage of the control is used even when there is some dis- 
crepancy in actual ages. Classification at metaphase and early anaphase is 
more difficult because these stages are of very short duration and hence do not 
exhibit as complete synchrony within an individual slide. 

The numbers of F; slides examined are in many cases small because of the 
extremely low fertility of flies treated at these sensitive stages. As already 
noted, two strains of flies were used in the experiments, one a wild type strain, 
the other a body color mutant strain, “yellow.” 

The data summarized to indicate the percentage and number of slides show- 
ing rearrangements are given in table 2 and figure 3. In the wild-type flies 
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treated when the odcytes were in prophase the number of F; slides containing 
aberrations is ten percent of the total. Of the five affected slides three were 
from one culture vial and may have unduly affected the percentage found in 
prophase. In the material treated at metaphase 30 percent of the slides showed 
aberrations. Slides from early anaphase treatments show a similar sensitivity 
with 30 percent of the slides having aberrations. The mid and late anaphase 
groups are very nearly alike with 49 percent and 50 percent of aberrations re- 
spectively. 

Larger numbers of animals were examined among the offspring of the treated 
yellow flies (table 2). The percentage of slides showing aberrations in each of 


TABLE 2 


Percentage of salivary gland slides with rearrangements. Summary of the data including both 
wild-type stock and yellow stock. Figures in parentheses indicate numbers of slides examined. Dosage 
1088-1116 r. 


PERCENTAGE OF SLIDES WITH REARRANGEMENTS 
STAGE AT TIME 


OF TREATMENT 


WILD YELLOW BOTH STOCKS 
Prophase 10 3 + 
(50) (211) (261) 
Metaphase 30 22 28 
(43) (9) (52) 
Early Anaphase 30 — 30 
(23) — (23) 
Mid Anaphase 49 52 51 
(35) (60) (95) 
Late Anaphase 50 38 4 
(20) (138) (158) 


the stages is similar to the percentage found in the wild-type series. In pro- 
phase 3 percent of the slides examined showed aberrations; in metaphase 22 
percent; in mid-anaphase, 52 percent; and in late anaphase, 38 percent. 

In all cases except mid-anaphase the wild-type race shows a slightly higher 
frequency of affected individuals than does the yellow race. Whether this dif- 
ference is due to an actual difference in sensitivity, to age grouping which is not 
exactly comparable, or to errors of sampling, has not been determined. The 
results of these experiments (table 2) are shown graphically in figure 3. 

Sensitivity of odcytes is extremely low in the prophase stage in the young 
adults treated here, and is even lower (Metz and Bocne 1939, Metz and 
BozEMAN 1942) in younger adults, pupae and larvae. The number of affected 
individuals increases in eggs treated in metaphase. For the wild type race, for 
which some data are available, early anaphase is similar to metaphase and 
sensitivity increases still more in mid and late anaphase. Further work would 
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be necessary to ascertain the exact decrease in sensitivity which seems to occur 
at late anaphase in the yellow strain. 

In the wild race, late anaphase, where 50 percent of the slides are affected, 
is five times as sensitive as prophase where only 10 percent are affected. In the 
yellow race mid-anaphase, where 52 percent of the slides were affected, is 18 
times as sensitive as prophase. For the two strains mid-anaphase is 12 times 
as sensitive as prophase. This, however, is only an approximation to the total 
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Figure 3.—Percentage of salivary gland slides with rearrangements. Data given in table 2. 
Left column (diagonally striped) represents calculations based on wild stock; open column at right 
calculations based on yellow stock; solid black column based on totals of both stocks. 


increase in sensitivity as earlier prophase stages are almost completely insensi- 
tive (Metz and Bocue 1939; Metz and BozEMAN 1942). 


Number of affected loci 


The analysis of the number of affected loci per treated cell is somewhat diffi- 
cult as there may be more than one way to interpret the number of loci in- 
volved in certain aberrations, especially in those aberrations containing re- 
peated regions.’ The nature of induced repeats will be discussed later. In most 


? Induced repeats have been found with surprising frequency in our experiments. 
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cases they may be counted as being due to either two or three hits or “breaks.”* 
For the present, both methods of interpretation are used and separate calcula- 
tions are made—one on the assumption that for each repeat two loci are af- 
fected, the other on the assumption that three loci are affected in each case. 
The method of calculation makes little difference in the general picture when 
the number of affected loci per treated cell is determined, but makes a striking 
difference when the number of affected loci per affected cell is considered. The 
data for the number of affected loci per treated cell are summarized in table 3 


TABLE 3 


Number of affected loci per treated cell. Lower numbers, in parentheses, include 
repeats calculated as three “breaks” ; upper figures as two “breaks.” 








STAGE WILD YELLOW BOTH 
Prophase .20 .66 .08 
(.28) (.07) (.11) 

Metaphase .67 44 .60 
(.81) (.44) (.69) 

Early Anaphase ote _ we 
(.78) _— (.78) 

Mid Anaphase 1.51 1.63 1.59 
(1.57) (1.80) (1.72) 

Late Anaphase 1.45 1.01 1.07 
(1.70) (1.24) (1.30) 





and are represented graphically in figures 4 and 5. The increase in sensitivity 
from prophase to mid-anaphase appears to be even more pronounced when the 
number of affected loci is considered than when the number of affected larvae 
is used as the criterion of sensitivity (table 2). 

The discrepancy between the results from the wild and yellow strains is more 
pronounced when the “breaks” per cell are counted than when affected larvae 
are counted. These differences might be exaggerated by the small samples in 
certain groups. 

When the number of affected loci per affected cell is calculated (table 4) a 
somewhat different picture is obtained if repeats are considered to involve two 
loci rather than three. Calculating repeats as two “breaks” presents a picture 
more nearly like that given in the previous analyses where there is a rise from 
prophase through mid-anaphase and then a slight drop at late anaphaes (fig. 
6). Calculating repeats as being due to three “breaks” gives a very similar value 
for prophase, metaphase and early anaphase with an increase at mid-anaphase 

3 That is, the “breaking” of two chromatids at the same locus may be regarded as a single 


event, due to one hit, or as separate events due to two hits. In the former case a repeat would 
involve two hits or “breaks,” in the latter three (see below). 
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and late anaphase (fig. 7). This lack of consistency with the other analyses 
may lend some weight to the argument that repeats do not involve three loci. 


Number of loci involved 


The interpretation of the number of loci involved in each aberration is com- 
plicated, as were the preceding analyses, by the uncertainty regarding the num- 
ber of loci involved in repeats. A classification of the affected individuals ac- 
cording to the total number of loci involved in their rearrangements is shown 
in table 5. The same data classified on the basis of percentage are represented 
in table 6. It is evident from these and preceding tables that there must be an 


TABLE 4 


Number of affected loci per affected cell. Upper figures include repeats calculated as involving 
two loci. Figures in parentheses include repeats calculated as involving three loci. 





STAGE WILD YELLOW BOTH 
Prophase 2.00 2.00 2.00 

(2.80) (2.50) (2.63) 

Metaphase 2.23 2.00 2.20 

(2.69) (2.00) (2.60) 

Early Anaphase 2.42 = 2.42 

(2.57) — (2.57) 

Mid Anaphase Oe 3.16 3.14 

(3.23) (3.48) (3.39) 

Late Anaphase 2.90 2.64 2.68 


(3.40) (3.22) (3.25) 





increase from prophase to anaphase in the total number of loci involved. Not 
only are there more cells with more than two “breaks” as mitosis progresses but 
the highest number of “breaks” is greater in the later stages. 


Types of aberrations 


A classification of the data according to types of aberrations is presented in 
table 7. Among the possible types of aberrations detectable in salivary gland 
chromosome preparations no terminal deletions, “single break aberrations,” 
were observed. These may either not occur, due to the mechanism of rearrange- 
ment, or they may be lethal to developing eggs and larvae. Only one transloca- 
tion (intercalary) was observed. The low frequency of translocation is possibly 
due to the position of the chromosomes at the time of rearrangement. Recipro- 
cal translocations should not be lethal unless some as yet undiscovered process 
is operative to cause their elimination in Sciara. Known translocations, in- 
duced by irradiating sperms (CRovusE 1943), are readily transmitted through 
the female as well as the male, showing that the meiotic process does not auto- 
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FicurE 4.—Number of affected loci per treated cell. Repeats counted as 2 “break” rearrange- 
ments. Data given in table 3. Left column (diagonally striped) represents calculations based on 
wild stock; open column at right calculations based on yellow stock; solid black column based on 


totals of both stocks. 
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ANAPHASE ANAPHASE ANAPHASE 
FicurE 5.—Number of affected loci per treated cell. Repeats counted as 3 “break” rearrange- 
ments. Data given in table 3. Left column (diagonally striped) represents calculations based on 
wild stock; open column at right calculations based on yellow stock; solid black column based on 
totals of both stocks. 
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matically weed out such aberrations and is not necessarily upset by them. 
Intercalary deletions were rare, accounting for 9 percent of prophase aberra- 
tions, 25 percent of metaphase aberrations, 0 percent of early anaphase aber- 
rations, 6 percent of mid-anaphase aberrations and 10 percent of late anaphase 
aberrations. Inversions show an increasing relative frequency with age at time 
of irradiation, forming 18 percent of all aberrations at prophase, 31 percent at 
metaphase, 43 percent at early anaphase, 60 percent at mid-anaphase, and 61 
percent at late anaphase. 
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ANAPHASE ANAPHASE ANAPHASE 
FiGure 6.—Number of affected loci per affected cell. Repeats counted as 2 “break” rearrange- 
ments. Data given in table 4. Left column (diagonally striped) represents calculations based on 
wild stock; open column at right calculations based on yellow stock; solid black column based on 
totals of both stocks. 


These experiments have produced in considerable numbers a type of aber- 
ration involving duplication of segments which has hitherto been observed 
rarely. KAUFMANN (1941) found the same sort of aberration in Drosophila 
salivary glands. The duplicated segments may occur as tandem (serial) repeats 
or reversed repeats, or the added segment may be inserted in some other por- 
tion of the chromosome. Of the total of 38 simple repeats detected 26 are 
recorded as coming in the first category (tandem), 7 in the second and 5 in the 
third. In the earliest stages repeats are relatively more frequent in relation to 
the total number of aberrations, forming 73 percent of prophase aberrations, 
38 percent of metaphase aberrations, 28 percent of early anaphase aberrations, 
26 percent of mid-anaphase aberrations and 20 percent of late anaphase aber- 
rations, (see fig. 8). This decrease in relative frequency of duplications is due, 
however, to the increase of other aberrations, rather than to actual decrease 
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in the duplications themselves. In prophase 3 percent of all slides have duplica- 
tions; 11 percent of all metaphase slides have duplications; 9 percent of late 
anaphase slides have duplications. No significant difference has been detected 
between the relative frequencies of direct (tandem) and reversed repeats in the 
different stages. The chromosome conditions determining the differences just 
reviewed need to be studied further, and we hope to deal with this subject in a 
separate paper in which the nature, mode of origin and possible significance of 
repeats will be considered in detail. At present it may suffice to indicate that all 
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Figure 7.—Number of affected loci per affected cell. Repeats counted as 3 “break” rearrange- 
ments. Left column (diagonally striped) represents calculations based on wild stock; open column 
at right calculations based on yellow stock; solid black column based on totals of both stocks. 


the repeats thus far identified in this study represent gross modifications. They 
are of various sizes, but each includes numerous chromatic bands. Whether or 
not “minute” duplications, of the type found frequently in nature in Sciara 
(Metz 1937) are also induced by irradiating odcytes is not certain because they 
are much more difficult to detect than the gross aberrations considered here. 
The “minute” modifications ordinarily involved only one disk, or a pair. 

Presumably the repeats and some of the intercalary deletions represent re- 
ciprocal classes derived through a common process, the donor chromosome be- 
coming deficient for the segment contributed to the recipient chromosome. 
Since deficiencies may also arise in other ways, however, they are not lumped 
with duplications in the tables. The lower apparent frequency of deficiencies, 
of course, is probably due to greater lethal effects of losses than of comparable 
additions, in many cases. 
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The distribution of repeats among the different chromosomes is not a ran- 
dom one. Most of the repeats occur in chromosomes B and C; only a few are 
recorded for chromosome A, even though that is the longest chromosome; none 
was found in the X chromosome. Similarly, in the case of inversions the distri- 
bution is not at random. But there seems to be no correlation between the 
distribution of inversions and of repeats, except for the almost complete ab- 
sence of both types in the X chromosome. Among the autosomes, chromosome 
A has a much higher frequency of inversions than of repeats, while chromo- 
somes B and C exhibit a proportionately lower frequency. 
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FicurE 8.—Relative frequency of duplications expressed as percent of all aberrations. Data given 
in table 7. Left column (diagonally striped) represents calculations based on wild stock; open 
column at right calculations based on yellow stock; solid black column based on totals of both 
stocks. 


DISCUSSION 


The following discussion will deal primarily with three points: (1) the initial 
effects of X-radiation, (2) the time at which chromosome rearrangement occurs 
relative to the time of treatment, and (3) the mechanism of rearrangement. 
The terms “sensitive” and “insensitive” are used mainly in a purely descriptive 
sense; if no rearrangements or other effects are detected following treatment 
the chromosomes are said to be “insensitive.” Whether or not they actually are 
insensitive will be discussed in later paragraphs. 
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As intimated previously, there is a period of at least two weeks preceding the 
onset of the first meiotic division in odcytes of Sciara ocellaris during which the 
chromosomes appear to be insensitive to irradiation, as judged by present 
criteria. The main criterion is the presence or absence of rearrangements in the 
salivary gland chromosomes of F; larvae, although pycnosis or its absence in 
-the chromosomes immediately after irradiation has also been used. During the 
long “insensitive” period the chromosomes are in a pre-prophase condition and 
lie close to the nuclear membrane. As they go from this stage into the active 
stages of the meiotic division they become “sensitive” and show different de- 
grees of sensitivity as the division progresses. There is evidence also of a corre- 
lation between the nature of the modifications and the different stages treated. 

We are dealing, therefore, with a long period of apparently complete in- 
sensitivity, followed by a relatively short period (so far as observed) of high 
sensitivity. Since the scoring is done on the fully grown F; larvae, ample time 
elapses between treatment and scoring to permit completion of all rearrang- 
ments that are induced. In other words, no induced modifications are missed 
because of scoring too soon after treatment. 

The sharp contrast between the insensitivity of the chromosomes in the pre- 
prophase, and their sensitivity from prophase to anaphase, indicates that some 
change occurs at approximately the outset of the meiotic division which brings 
about sensitivity in a relatively abrupt manner, increasing in degree as the 
division progresses. Is this a change in the nature of the chromosomes, or in 
their behavior, or in other cell components? 

The only conspicuous and coincident changes in other cell components are 
the breakdown of the nuclear membrane and the formation of the mitotic 
figure. The latter is presumably not a factor; but breakdown of the nuclear 
membrane exposes the chromosomes to cytoplasmic influence, which might 
well have an effect on them. Although our present evidence does not provide a 
suitable test, the fact that sensitivity increases with time after the nuclear 
membrane disappears might be interpreted as reflecting the penetration of a 
substance through the nucleoplasm to the chromosomes. Such an influence 
might act directly to bring about chromosome disturbances, as has been pos- 
tulated by previous authors in other material (e.g. DURYEE 1939). Or it might 
merely serve to sensitize the chromosomes to irradiation. Our results have 
some significance in distinguishing between these two possibilities. On the 
former hypothesis it would be assumed that irradiation produces a substance 
in the cytoplasm which penetrates to the chromosomes and induces modifica- 
tions. But our evidence indicates that irradiation before breakdown of the 
nuclear membrane gives no results. Therefore, either no effective substance is 
produced before the membrane disappears, or it does not persist long enough 
to influence the chromosomes after disappearance of the membrane. On the 
alternative hypothesis it is not necessary to assume that any substance is 
produced in the cytoplasm by the irradiation. The substance might be a nor- 
mal component of the cytoplasm, such as an enzyme, which penetrates after 
the nuclear membrane disappears and modifies the chromosomes in such a way 
as to make them sensitive to irradiation. The work of CHamBERs (1924), 
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DuRYEE (1939, 1941) and D’ANGELO (1946) indicating the marked effect of 
cytoplasm on chromosomes after rupture of the nuclear membrane, is sugges- 
tive in this connection. Both of these hypotheses meet difficulties, of course. 
For example, our evidence indicates that when the prophase dissolution of the 
nuclear membrane occurs the chromosomes are at the periphery, close to the 
membrane, where they could be reached most easily and quickly by any cyto- 
plasmic influence. Yet sensitivity increases progressively after this stage—a 
fact which calls for subsidiary assumptions. On the second hypothesis men- 
tioned the assumption would be that after the sensitizing substance enters 
from the cytoplasm it requires time to produce its maximum sensitizing effect; 
hence later stages would be more sensitive than earlier ones. On the whole, this 
hypothesis seems to fit the data better than any other, insofar as correlation 
between sensitivity and mitotic stages is concerned, and we will return to it 
later after considering other alternatives. 

Attempts to explain the sensitivity changes on the basis of chromosome 
behavior give no clear result. The microscopically visible evidence on this point 
may be summarized as follows: During pre-prophase the chromosomes are in 
the form of long, but well condensed, tetrads—that is, heavy, not delicate, 
threads. As they enter the stages of meiotic division and become sensitive they 
undergo at least five types of change. (1) They become much shorter and 
hence their constituent chromonemata presumably become more closely coiled. 
(2) They lose the association with the nuclear membrane, which coincidently 
disappears. (3) Whereas they have been lying in an apparently passive condi- 
tion, evenly spaced, they now take on movement. (4) They also become sub- 
ject to the tensions or stresses imposed by the spindle fibers or other polarized 
forces acting in the mitotic figure. (5) Although in the earlier, more elongate, 
condition the chromonemata have presumably been surrounded by “matrix” 
material, they now come to be coiled within a relatively firm bulky matrix, 
typical of the metaphase chromosomes. 

Whether or not we may attribute the increase in sensitivity to any of these 
detectable chromosome changes depends in part on how and when chromo- 
some rearrangement takes place. An interpretation based on chromosome 
movement, or lack of it, has been suggested in earlier papers. On this basis the 
failure to induce rearrangements by treatment in pre-prophase has been at- 
tributed to absence of chromosome movement during this period and conse- 
quent “healing” of the affected regions before rearrangements can be brought 
about (Metz and BocueE 1939). This interpretation, as stated, would imply 
that rearrangements occur during or shortly after treatment (BozeMAN 1943), 
rather than following a considerable period of delay. Such a view seems to be 
supported by the present evidence indicating that different types of rearrange- 
ments are secured with different relative frequencies following treatment at 
different stages. On the other hand, any assumption liké this of immediate re- 
arrangement is open to at least two serious objections. One is that the nature of 
the rearrangements themselves is hard to explain on this basis; e.g., if rear- 
rangement occurs immediately why are inversions and not translocations 
brought about by treatment during metaphase and anaphase, especially in the 
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case of rod-like chromosomes? The other comes from the increasing evidence 
of delayed rearrangement in other organisms (MULLER 1940; KAUFMANN 
1941; Brspop 1942; McCiinTock 1942; SPARROW 1944). 

In view of these difficulties it is desirable to examine the present evidence 
critically from both standpoints. Four main features appear to be of primary 
importance in this connection, (1) the insensitivity of the pre-prophase stages, 
(2) the appearance of sensitivity and its rapid increase from prophase to ana- 
phase, (3) the absence of translocations, (4) the increasing relative frequency of 
inversions, as compared with other aberrations (deletions, duplications) from 
prophase to anaphase. In considering these features we are immediately con- 
fronted with the question as to what the initial effects of irradiation are on the 
chromosomes. If we leave out of account the possibility considered above that 
rearrangements are induced indirectly, through the cytoplasm, we may assume 
like most other workers, that the initial effects are produced directly on the 
chromosomes by ionizations. They would be localized modifications, therefore, 
which have the potentiality of leading, either immediately or later, to rear- 
rangement or breakage of chromonemata. Because of size relations (see e.g. 
Metz 1941) we consider it very doubtful that an ionization can itself bring 
about actual breakage of a chromonema. We would, therefore, explain chromo- 
some fragmentation, such as that induced in maize (e.g. STADLER 1931; 
McC iintock 1931), Tradescantia (e.g. SAx 1940; FABERGE 1940; SwANSON 
1942), Trillium (e.g. SPARROW 1944), Orthoptera (e.g. WHITE 1937; CARLSON 
1941; BrsHop 1942) and other organisms, as due to secondary factors of some 
kind, possibly mechanical, such as gross movements of the cytoplasm or nucleo- 
plasm, which might break the chromonemata at spots weakened by the ioniza- 
tions. On such a view a localized modification may either lead to a break or toa 
rearrangement or may be “healed,” depending on circumstances. The possible 
nature of the localized modification will be considered in later paragraphs. 

We may first examine the four lines of evidence just cited with respect to the 
possibility of immediate rearrangement. On this basis the insensitivity of the 
pre-prophase stages would be interpreted in the same general manner as before. 
Since the tetrads are well separated from one another, and since no evidence 
of movement has been detected, we would assume that if initial modifications 
are induced during this period they are healed before an opportunity is pro- 
vided for rearrangement or breakage. Similarly the change to a sensitive con- 
dition, coincident with prophase movement, could be interpreted as due to 
this movement or some other change, such as the introduction of a sensitizing 
cytoplasmic agent, at this time. Mitotic movement alone, can hardly account 
satisfactorily for the increase in sensitivity that extends into the anaphase 
stage at which mitotic movement ceases—i.e., the stage in which the chromo- 
somes remain apparently stationary until the egg is fertilized and laid. Appar- 
ently the chromosomes are in a condition of maximum sensitivity at this stage 
of arrested mitotic movement. If rearrangement occurs at approximately the 
time of treatment, therefore, something more than coincident movement is 
needed to account for it. On the other hand, as already noted, the difference 
in relative frequencies of inversions, as compared with other alterations, at 
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different stages, suggests the occurrence of immediate rearrangement, because 
on that basis it would not be surprising to have certain types of rearrangement 
favored by conditions existing at individual mitotic stages. Any alternative 
view would seem to require the assumption that different kinds of initial effects 
are produced by the irradiation and that those which lead to inversions in- 
crease in frequency more from prophase to anaphase than do those responsible 
for deletions and duplications. Although the mechanism responsible for 
duplications and deletions is somewhat different from that responsible for 
inversions, the difference can hardly explain the differences in frequencies just 
referred to if rearrangement occurs long after treatment rather than immedi- 
ately. Nevertheless, as will appear below, we are inclined to the view that 
rearrangement may actually be delayed here. 

Using Trillium erectum as experimental material, SPARROW (1944) has se- 
cured results similar in many respects to those reported here and earlier 
(BozEMAN 1943). He investigated separately the effects of X-radiation on five 
different stages in microsporogenesis: leptotene-zygotene, pachytene, first 
metaphase, first anaphase and microspore resting stage. Cells rayed at lepto- 
tene-zygotene and pachytene were scored for aberrations at first anaphase. 
“Those rayed at metaphase and anaphase showed little or no increase in aber- 
rations until microspore division which followed directly, without an interven- 
ing second meiotic division. Scoring was done at microspore metaphase follow- 
ing irradiation at nieiotic metaphase and anaphase, and at microspore ana- 
phase following X-ray treatment of microspores in the resting stage.” (p. 148) 
The least sensitive stages were found to be the leptotene-zygotene and the 
microspore resting stage, with an increase at pachytene and a large increase at 
first metaphase and anaphase—the anaphase value being about eight times 
that of the two low stages. No stage was recorded as insensitive. The validity 
of the results from treatment of leptotene-zygotene and pachytene stages may 
be questioned, because cells so treated were examined in the immediately suc- 
ceeding anaphase, rather than later in the microspore divisions. Nevertheless, 
the general relationship between sensitivity and stage is similar to that ob- 
served in our results. By examining treated material at intervals following 
treatment, SPARROW was able to show that rearrangement and fragmentation 
occur after considerable deiay. For example, as just noted, this is true of chro- 
mosomes rayed at first meiotic metaphase and anaphase. They show no effects 
when examined one, two or three days later, but show a great effect when 
examined in microspore mitosis. Summarizing, SPARROW states that “Our re- 
sults indicate that X-rays fail to break metaphase and anaphase chromosomes, 
as such, but that they somehow react to produce potential breaks which be- 
come visible chromatid or chromosome breaks only after the nucleus has passed 
through an interphase.” Thus the observations support those of other recent 
workers cited above in indicating that rearrangement is “delayed,” not “im- 
mediate.” 

In attempting to account for the differences in chromosome sensitivity at 
different stages in the cell cycle, SPARROW suggests that sensitivity is correlated 
with the content of desoxyribose nucleic acid in the chromosomes. This is 
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based on two lines of evidence: (1) “Stages, such as resting nuclei or early pro- 
phase, which have low concentrations of desoxyribose nucleotides or nucleic 
acid have a low sensitivity, while metaphase and anaphase, stages which have a 
high concentration, show a high radiosensitivity.” (2) There is “evidence that 
small doses of X-rays can temporarily block one or more of the essential proc- 
esses involved in the nucleic acid cycle.” As SPARROW points out, however, the 
content of nucleic acid may not be the determining factor per se but “may be 
merely concomitant.” 

If the Feulgen nucleal reaction is a reliable criterion for determining the 
presence of desoxyribose nucleic acid, our results are difficult to interpret on 
the basis of SPARROW’S Suggestion. Although, as judged by this test, there is a 
high concentration of desoxyribose nucleic acid during the most sensitive 
stages (metaphase and anaphase) there is a similar high concentration during 
most of the long, insensitive pre-prophase. This concentration persists through 
the period just mentioned, which is insensitive, then disappears for about the 
first 24 hours after emergence of the adult, likewise an insensitive period, and 
then reappears as the first meiotic division begins. These facts might suggest 
that rate of synthesis, rather than concentration, of desoxyribose nucleic acid 
may be the determining factor; but if this were the case, it would be natural to 
expect high sensitivity in prophase and relatively low sensitivity in anaphase, 
which is just the reverse of what is found. 

On an interpretation of the kind just mentioned, it is apparently assumed 
that differences in the end results are due to differences in the initial effects 
of irradiation on chromosomes in different stages. Without implying any criti- 
cism of this view, we may outline briefly an alternative type of interpretation 
based on the opposite assumption—namely, the assumption that the initial 
effects are similar at all stages and that differences in end results are due to 
what happens after treatment. To simplify presentation two further assump- 
tions are made: (1) that rearrangement is delayed, not immediate, in the case 
of cells treated in the active stages of mitotic or meiotic division, (2) that such 
rearrangement occurs at some particular stage in the cell cycle. In the latter 
respect rearrangement and fragmentation may differ; the former may occur at 
one stage and the latter at another (or others). It will be convenient to use 
mainly our own results for purposes of illustration. 

As pointed out by BELLING (1927, 1933) and numerous others, chromosome 
rearrangement may involve a process akin to crossing over. The probability 
that it really does is increased by the growing evidence, such as that of Spar- 
ROW, indicating that irradiation produces directly only potential, not actual, 
breaks in the chromosome threads. Actual breaks lead to fragmentation, which 
is only detected after a period of delay. In our opinion rearrangement may not 
involve actual breakage, except in the technical sense used in connection with 
ordinary crossing over. Hence it is possible that fragmentation and rearrange- 
ment represent two distinct processes, although they result from the same in- 
itial effects. If we assume that the initial ionizations produce effects which 
weaken the chromonema we may expect that actual breaks could subsequently 





SENSITIVITY OF CHROMOSOMES 309 


occur if the chromonema were subjected to stresses and strains. Such appears 
indeed to be what occurs in the orthopteran material described by BisHoP 
(1942) where fragmentation occurs at the first meiotic division although treat- 
ment was given to spermatogonia several cell generations earlier. Chromosome 
rearrangement, however, would not require stresses and strains and might oc- 
cur at a different time. 

On the assumption commonly made, that the genic material in the chromo- 
nema, and probably the chromonema itself, is surrounded by insulating ma- 
terial of some sort which not only protects it, but gives it rigidity or strength, 
we may picture the ionizations as serving directly or indirectly to destroy or 
weaken this material locally, thus producing the effect leading to subsequent 
rearrangement or fragmentation (cf., e.g., Metz 1934). 

It seems reasonable to suppose that this insulating material is produced, or 
renewed, primarily at some one period in the cell cycle. If so, we might expect 
that injuries produced earlier would tend to be healed during this stage. On 
such a view, we might interpret the evidence reviewed above as indicating that 
in our material renewal occurs shortly before and during the prophase move- 
ment in the odcyte. Disturbances produced previously, therefore, would be 
healed at this time if they had not already led to aberrations. Absence of re- 
arrangements following treatment during the long pre-prophase period would 
thus be explained on the basis of lack of movement together with subsequent 
healing of the chromosome injuries. The modifications would not persist and 
lead-to aberrations subsequent to the meiotic division itself. Treatment during 
the meiotic division, however, would lead to aberrations because the damaged 
insulating substance would not be renewed until after almost a complete cell 
generation had passed. Just when the aberrations would be brought about is 
not indicated by our results because it was not feasible to treat the eggs in telo- 
phase or interphase. We might expect rearrangements to occur, however, dur- 
ing interphase when the chromonemata are most extended and delicate. Possi- 
bly this gives a clue to the problem of why translocations are so rare in our ma- 
terial. It is well known that during interphase chromosomes may normally 
occupy separate regions (sometimes recognizable as vesicles) in the nucleus. 
This would facilitate the process of inversion and tend to prevent translocation. 
Fragmentation might similarly be expected at this time because of the delicacy 
of the threads. Fragmentation might also occur during the active stages of 
mitosis if the initial effects were severe enough and other conditions were 
suitable; but the speculative nature of this topic makes full discussion here 
undesirable. 

SPARROW’s evidence goes farther than ours on the point in question; but it 
likewise is insufficient to provide a satisfactory test. Following treatment of 
metaphase and anaphase chromosomes, breaks were not detected until after 
the nucleus had passed through an interphase. Apparently they may have 
occurred during the interphase. Two plants were rayed during the microspore 
resting stage and examined for aberrations in the following anaphase. Both 
gave a low percentage of aberrations, which tends to argue against the hypo- 
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thesis just suggested. Since one plant gave 1.7 times as high a percentage as 
the other, however, and since both may have been treated in late resting stage, 
the implication of the evidence is not clear. 

With suitable material it should be possible to test the interpretation under 
consideration. What is needed is critical evidence covering late anaphase, 
telophase and successive stages in interphase, from favorable material. 

One argument against the suggestion that rearrangements may occur during 
interphase in our material is seen in the data from duplications (repeats). The 
process of duplication requires the presence of two chromatids or chromo- 
nemata—a donor and a recipient—and leaves the donor deficient for the 
donated segment. If the rearrangement occurs before the second meiotic 
division there is no difficulty because the latter chromosome is (in the present 
case) eliminated through a polar body. But it is doubtful if a true, diffuse 
interphase condition intervenes between the first and second odécyte divisions 
and, until this point is cleared up, the possibility must be recognized that the 
first true interphase following irradiation here is that leading up to the first 
cleavage division in the fertilized egg. Duplication at the latter stage would 
involve two sister chromonemata and would lead to a mosaic condition—one 
daughter nucleus containing the duplication, the other the deficiency. The 
deficiency might act as a cell lethal and be self-eliminating. Or it might lead 
to a mosaic condition which in some cases would be observable in the salivary 
glands. Our only direct evidence on this point is the record of one mosaic larva 
in our material. 

In the latter part of this discussion we have ignored the hypothesis men- 
tioned at the outset, that a cytoplasmic agent penetrates the nucleoplasm 
after breakdown of the nuclear membrane and sensitizes the chromosomes to 
X-radiation, thus explaining the sensitivity during the active stages of mitosis. 
This interpretation harmoi..zes with the increasing evidence of sensitivity 
at this period in other organisms (cf. SPARROW, l/.c.; A. R. Wuitinc 1940, 
1945). If it is correct the problems just discussed become simplified. We may 
postulate the same initial effects of ionizations and the same mechanism and 
time of rearrangement as those just considered; but we need not assume that 
processes of “healing” occur following treatment at non-mitotic stages, be- 
cause at such stages the chromosomes would be relatively insensitive. How 
widely such an interpretation could be applied is not yet clear. There are ob- 
vious difficulties, such as the well known fact that in mature sperms (Dro- 
sophila, Sciara, etc.,) the chromosomes are highly sensitive to irradiation al- 
though the nuclear membrane is presumably intact. Possibly the relative 
absence of nucleoplasm and the compact clumping of the chromosomes in 
sperms result in a condition of sensitivity found in “ordinary” cells only at 
mitotic stages. 


As already noted, changes in the relative frequencies of different types of 
aberrations induced during the meiotic division in our material are difficult to 
explain on the basis of delayed rearrangement. But they are also difficult to 
explain on any other basis in the present state of the evidence, for so far as we 
can see there is nothing about the nature or behavior of the chromosomes at 
the stages in question to give reason to expect changes of the type observed. 
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An extension of the study to other stages in the cell cycle may help to throw 
light on this aspect of the problem. 

Finally, attention may be recalled to the differential distribution of rear- 
rangements among the different chromosomes as noted on page 303. Re- 
arrangement frequencies appear to bear no close relation to chromosome 
length; the frequencies of duplications do not closely parallel those of inver- 
sions; and there is considerable contrast between rearrangement frequency 
in the X chromosome and the autosomes. The low rearrangement frequency 
for the X chromosome may be due in part to the fact that about a third of 
the larvae examined were males—possessing, of course, only a single X in the 
salivary glands. But the discrepancy seems too great to account for entirely 
on this basis. We hope to consider these topics in a later paper. 


SUMMARY 


In maturing odcytes of Sciara ocellaris Comst., chromosome sensitivity to 
X-radiation differs greatly at different stages, as measured by chromosome 
rearrangements recovered in the F, larvae. The material is particularly favor- 
able because the odcytes develop synchronously and the rearrangements may 
be observed in the salivary gland chromosomes. 

Sensitivity is almost zero for a long period preceding the breakdown of the 
nuclear membrane at the beginning of the first meiotic division. Then it rises 
rapidly to a peak, in anaphase, apparently dropping off somewhat in late 
anaphase, at which time mitotic activity is arrested, pending fertilization. 

X-ray doses of approximately 1100 r were used. Different types of rearrange- 
ments differ greatly in actual frequency. Only one translocation was secured. 
Inversions, duplications (repeats), deletions, and transpositions are more 
frequent, but their relative frequency differs at different stages. Rearrange- 
ments are not distributed at random among the different chromosomes and 
frequency is not closely correlated with chromosome size. 

On the basis of percentage of F, larvae showing rearrangements, sensitivity 
rises from 0 percent preceding breakdown of the nuclear membrane (first 
meiotic division) to approximately the following: prophase, 5 percent; meta- 
phase, 28 percent; early anaphase, 30 percent; mid-anaphase, 50 percent; 
late anaphase, 40 percent. 

The data suggest the intervention of a cytoplasmic agent which reaches the 
chromosomes after breakdown of the nuclear membrane and which either 
induces rearrangements directly, by transmitting an influence already produced 
by the irradiation, or sensitizes the chromosomes to irradiation so that treat- 
ment is effective after, but not before, entrance of the agent. If the former al- 
ternative is correct, the induced cytoplasmic modification is apparently short 
lived, because no rearrangements are recovered after treatment during late 
growth stages prior to about the time of breakdown of the nuclear membrane. 

A third possibility considered is that no cytoplasmic agent is involved and 
that the apparent differences in sensitivity are due to the intervention of a 
“healing” process which would “heal” the potential breaks or localized modifi- 
cations before rearrangements occurred if treatment preceded the healing 
period. The “healing” might consist in the formation of matrix material. 
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HE problem of position effect has been studied with the purpose of 

elaborating upon the larger problem of gene action. DUBININ and S1po- 
ROFF (1934) first showed the position effect of the fourth chromosome locus, 
cubitus interruptus, (cz), in Drosophila melanogaster. They found that in trans- 
locations involving the fourth chromosome, the normal allele both in hemi- 
or homozygous constitution produced a normal phenotype, but when in 
heterozygous constitution with the recessive mutant gene ci, the dominance 
of the normal allele was diminished and there was an expression of the other- 
wise recessive ci. Additional data, some supporting and others modifying the 
results of DUBININ and S1pororr, were furnished by STERN and his collabo- 
rators (1943-1946). These investigators used the ci gene because it lent itself 
favorably to studies of different doses of alleles as well as different positions. 
A hypothesis was developed according to which the different alleles possess 
different powers of combining with specific substrate and different efficiencies 
of converting it into a product which will lead toward a normal phenotype. 
It was suggested that the position effect may be caused by the unchanged 
allele acting in a new region of the gene sequence, a region which may provide 
an amount of substrate different from that at the normal locus. 

Following MuLLEeR (1935), EpHrusst and Sutton (1944) presented a 
“structural theory” of position effect in which they regard “position effect as 
a result of (disturbed) chromosome pairing that causes a modification of 
stress near the affected loci.” If this theory were correct then in complete 
absence of pairing or with complete normality of pairing, there should be no 
manifestation of the position effect. 

In hybrids between melanogaster and the closely related species simulans, 
PATAU (1935), KERkIS (1936), and HorTOoN (1939) never found somatic synap- 
sis in the salivary gland nuclei between the two fourth chromosomes. Accord- 
ing to Horton, the fourth chromosomes of the two species are distinguished 
by a relatively long inversion, and a “terminal ring” in simulans which he 
considers to have no corresponding structure in melanogaster. Even in “partial 
hybrids,” when there is a single simulans fourth chromosome in a melanogaster 
background and where synapsis conceivably might occur more readily, 
SLIZYNSKI (1941) found only one case where there was synapsis of the inverted 
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middle region of the right arm of the stmulans fourth chromosome with the 
melanogaster fourth chromosome. 

The rarely visible left arm of the simulans fourth chromosome exhibits 
partial synapsis with the left arm of the melanogaster’fourth chromosome, but 
it must be remembered that the cubitus interruptus locus is on the right arm 
of chromosome 4. 

In view of the reduced synapsis in the salivary gland chromosome of simu- 
lans X melanogaster, EPHRUSSI and SuTTON (1944) suggested that a study of 
position effect in these hybrids might contribute to a test of their theory of 
this phenomenon. 

Independently of the structural theory, the need for such a study was in- 
dicated by the fact that position effects, with the exception of one case in 
Oenothera (CATCHESIDE 1947), have only been found in Drosophila, that is, 
in an organism with somatic pairing. A connection between the two phenom- 
ena had been suggested by various authors [e.g., MULLER (1941) and ScuuLz 
(see MULLER 1941)]. 


STOCKS 


Twelve stocks were used of- which eight represented the species melano- 
gaster and four the species simulans. 


D. melanogaster stocks: 

Canton-Special (+°): The wild type stock which was made isogenic and 
its salivary gland chromosomes checked for homogeneity by C. B. 
BrincEs. It had been subjected to another series of crosses leading to 
isogeneity by STERN. 

cubitus interruptus (ci): Located on the fourth chromosome, its morpholog- 
ical expression consists of an interruption of the cubital vein, both proxi- 
mal and distal to the posterior crossvein. An arbitrary -classification of 
the expression of cubitus interruptus was used to measure the effect of 
the ci gene. This classification was modified from Kuwostova (1939) 
by STERN (1943) and was later further modified (STERN, SCHAEFFER and 
HEIDENTHAL 1946). The classification ranges from a completely normal 
cubital vein in Class O, through various degrees of interruption (classes 
1, 2 and 3), to absence of the cubital vein in class 4. 

cubitus interruptus of WALLACE (ci”): An allele of cubitus interruptus 
which, in homozygous form causes an extreme cubitus interruptus type 
with the cubital vein largely absent. In heterozygous combination with 
normal alleles there is partial dominance. 


Attached-X chromosome stocks: 
y; cit ey®: a stock of ci ey® (ey=eyeless) into which an attached-X chromo- 
~ some was introduced. The eyeless gene was not followed in this experi- 
ment and has been shown by STERN (1943) to have no effect upon the 
expression of ci when it was used as a marker. The significance of the use 
of attached-X chromosome stocks is described in the section on the sex 
of hybrids. 
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y; ct®: a stock similar to the above, carrying an attached-X chromosome 
and the ci” gene. 


“Partial hybrid” stock: 
A stock obtained from Proressor H. J. MULLER which contains a simulans 
fourth chromosome (4,) in a melanogaster background. The constitution of 
the stock was thus 4,,/4, in regard to the fourth chromosome (subscript 
“s” designates the species simulans and “m” the species melanogaster), all 
other chromosomes being of melanogaster origin. The 4m carries the ci 
ey® alleles. 


Rearrangement stocks (R) (STERN, SCHAEFFER and HEIDENTHAL 1946): 

This term is used for any rearrangement involving the neighborhood of the 

ci locus irrespective of whether or not there is a resulting position effect. 

R(+) stocks were derived from Canton-Special, R(ci) stocks from ci. They 

behave as members of an allelic series at the ci locus. The three stocks 

listed below show position effects. 

R*(+-): a reciprocal translocation between chromosome 3R and the fourth 
chromosome, left arm (STERN, MACKNIGHT, and Kopant 1946). 

R®(+): a complex rearrangement, in which 3L has two breaks, the distal 
end of 3L attaching to one broken fourth chromosome and the adjacent 
section attaching one end to the fragment of the above mentioned fourth 
chromosome and the other end to the 2L. The fragment of 2L is attached 
to 3L. A small section of 3R is translocated to the other fourth chromo- 
some. (STERN, MACKNIGHT, and Kopant 1946). 

The sequence of fragments from the distal end of each chromosome 
arm is as follows: 


2L: 4R, central section of 3L, 2L.—3L: tip of 2L, 3L.—4R: tip of 3L, 
4R.—4R: small section of 4R, 3R, 4R. 

R'®(ct): a reciprocal translocation of about two thirds of the right arm of 
chromosome 3 to the heterochromatic region of 4R (STERN and KoDANI 
unpublished). 


D. simulans stocks: 
Wild type (+5) 
Vermilion (t,): a stock carrying the recessive vermilion eye color gene 
(similar to the melanogaster vermilion characteristic). 


Attached-X chromosome stocks: 
yw,: a stock with an attached-X chromosome marked by the yellow and 
~ white genes. 
CULTURE METHODS 


STURTEVANT (1929) in his work on hybrids between melanogaster and simu- 
lans, pointed out that males court females of either species indiscriminately, 
but that the females are reluctant to accept males of the other species. Since 
he was successful in only a fraction of the cases where melanogaster females 
were mated with simulans males, it was important to develop cultural tech- 
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niques which produce the greatest possible number of successful crosses. 

Of all the culture methods tried the following was found to be the most 
successful. For keeping stock cultures, a half pint culture bottle was over- 
stocked with about 50 pairs of parent flies. The culture bottles were incubated 
at 26°C for three days after which time the parent flies were removed and 
two double sheets of Kleenex, soaked in a suspension of baker’s yeast (10g 
of yeast to 60 cc of water) were added to each culture bottle. They were 
then incubated at 26 degrees for 7-9 days (a total of 10-12 days). This 
method of keeping stock cultures was developed by Dr. W. P. SPENCER 
(SPENCER and STERN 1948). 

Virgins were collected from the stock cultures at regular intervals of three 
hours during the day. Ten isolated virgin females were placed in one ounce 
creamers and aged for three days. Fifteen isolated virgin males were placed 
in one ounce creamers and aged for seven days. At the end of the aging periods 
the aged flies were shaken, without etherization, into creamers containing 
fresh yeasted food. These creamers were then incubated at 26 degrees for five 
days, after which they were examined for larvae. In cases where larvae were 
present the parent flies were shaken, without etherization, into half pint 
culture bottles. A strip of Kleenex soaked in a yeast suspension was added to 
the creamers. The half pint bottle cultures and creamer cultures were re- 
turned to the 26°C incubator. In those cases in which no larvae were present 
the creamers were discarded as unsuccessful crosses. Using these culture 
methods, the range of successful cross cultures was from 13 percent to 62 
percent with a mean of 43 percent for the crosses involving melanogaster 
females and simulans males. STURTEVANT (1929) obtained successful crosses 
in from 10 percent to 40 percent of his cases. 

An attempt was made to make the reciprocal cross of simulans females and 
melanogaster males. STURTEVANT’S results show that not over two percent of 
the crosses were successful. Applying the above method, much less than one 
percent of the crosses were successful. Since it proved impossible to obtain 
a sufficient yield from this cross, the work was restricted mainly to the hy- 
brids from melanogaster females by simulans males. 

STURTEVANT (1920) found in his early work with hybrids of these species 
that the cross between D. melanogaster females and D. simulans males resulted 
in production of hybrid females only. An occasional male did occur as a prod- 
uct of primary non-disjunction and was, therefore, X,O in constitution. 
The reciprocal cross results in male hybrids with few regular females. Since 
this reciprocal cross gave only very small yields in our experiments, it was 
necessary to use attached X-chromosome melanogaster females X simulans 
males to secure data on hybrid males in numbers sufficient for analysis. In 
this cross only male offspring appear. 

STURTEVANT (1929) reports that it is undesirable to culture hybrids of 
melanogaster females by simulans males in incubators at 25°C or higher, since 
many females are killed at these temperatures. Running a small set of experi- 
ments, the hybrids were found to emerge normally and were fully viable in 
the temperature range of 15°C to 22°C. “At 25°C many fail to emerge from 
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the puparium, others die when they are half way out and many of the remain- 
ing die within a few hours after emergence. Such specimens are dark colored, 
have shrivelled wings, and are unable to walk normally” (pp. 8-9). In melano- 
gaster, STERN (1943) found that a decrease in temperature from 26° to 18° and 
13° leads to a more extreme expression of cubitus interruptus. Since the 
melanogaster data with which the hybrid data were to be compared were ob- 
tained at 26°C, it seemed desirable to raise the hybrids also at this temper- 
ature. Our experience with this temperature did not indicate a pronounced 
effect upon the hybrids. The average number of progeny per successful mating 
may have been reduced although as many as 320 progeny were secured from 
one cross. The reported ‘“‘dark-colored” flies made their appearance in several 
crosses but in most cases these “dark-colored” flies had normal viability. 
There were, however, a group of normal colored hybrids whose wings did not 
unfold and they, therefore, could not be classified. 


RESULTS 
Expression of ci alleles in normal position, in hybrids 


Three types of crosses were made with the genes present in their normal 
positions. In a control cross Canton-Special (melanogaster) females were 
mated to wild type simulans males. Experimental crosses were made using 
ci and ci” melanogaster females and wild type simulans males. The results are 
recorded in table 1, lines 1-3. 

(1) The +°/+°92 9 X+;/+:c'o cross was expected to produce normal 
progeny. This proved to be the case. 

(2) As a rule, in melanogaster the heterozygote ci/+ is phenotypically 
normal or nearly so, though exceptions caused by certain iso-alleles will be 
discussed later. It is significant that in several percent of the flies the hetero- 
zygote ci/+, in the hybrid shows expression of cubitus interruptus. 

(3) The data for the ci”/+, females also show an expression of cubitus 
interruptus, but this would be expected since in melanogsater ci" is a partially 
dominant allele. 

As previously mentioned, among the hybrid offspring there appeared a class 
of flies whose wings did not unfold and, therefore, could not be classified. 
These have been entered in the tables under the caption “crumpled wings.” 
Since all flies with crumpled wings possessed this condition bilaterally, it was 
not possible to state whether this group represents a random sample containing 
all classes of vein interruptions. There is, however, no reason to believe that 
this is not the case. 


Effect of different simulans stocks upon the expression of ct. 


Two simulans stocks were used, the +, and a vermilion (v,) stock. These 
flies were mated with ci” because of its frequent dominant expression (table 1, 
lines 3 and 4). 

The results from the two tests, while similar, show a statistically significant 
difference (x?=45.2, P<.001). A discussion of these results will follow later. 
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TABLE 1 


The expression of ci alleles in normal positions, 
in melanogaster-simulans hybrids. 


F; hybrid 2 9 of crosses of melanogaster stocks +°/+°, ci¥/ci¥, 








and ci/ci with simulans +,/+3 o'c". 
; % 
99 poe ay —— -_— —_————_—_—____—_—— TOTAL MEAN** 
” 0 1 2 3 4 
+¢/+, 936 100 — — “= as 2509 0 
ci/+, 3813 97..3 1.2 OF 0.01 0.001 6711 0.04 
ci¥/+, 1760 83.0 3.5 9.96 3.5 = 4114 0.34 


ci /v, 227 77.9 10.4 10.4 0.9 0.3 326 0.35 


* Not included in the total. 
** By weighting each class by its class designation (0-4), an index of expressivity was calcu- 
lated. From this index the mean of the distribution was computed. 


Expression of position alleles, in hybrids 


To test the expression of position alleles in hybrids three such alleles were 
tested which were known to produce position effects in a melanogaster back- 
ground. 

In melanogaster the position alleles R?(+) and R*(+) cause striking degrees 
of vein interruption if in heterozygous combination with ci. The homazygote 
R?(+)/R?(+) has an expression of cubitus interruptus similar to that of 
ci/ct. R3(+)/R3(+) zygotes are inviable. The heterozygous combinations 
R*(+)/+£© and R*(+)/+° yield normal phenotypes. J” contrast to this the 
R*(+)/+s and R*(+)/+.. hybrids show significant deviations from normal 
venation (table 2, line 1 and 2). Since +°/+, hybrids were shown to have 
non-interrupted veins, the results with R*(+) and R*(+) in hybrids constitute 
position effects. 


TABLE 2 


The expression of ci position alleles in melanogaster-simulans hybrids. 


F, hybrid 9 9 of crosses of melanogaster stocks R?(+)/R?(+), 
R°(+)/ey”, and R!8(ci)/ci ey® with simulans +./+s0'c". 








CRUMPLED % 
ge ee TOTAL MEAN 
0 1 2 3 4 

R2(+)/+, 14 87.4 7.9 4.7 _ ants 621 0.17 
R*(+)/+s 7 93.1 6.9 — — —_ 87 0.07 
R'8(ci)/+, 

and 385 50.3 10.2 28.3 10.9 0.2 2765 1.01 
ci eyF/+, 





* Not included in the total. 
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The position allele R'*(ci) likewise produces a strong position effect in 
hybrids (table 2, line 3). In the cross R'8(ci)/ci ey? X+5,/+. 50 percent of the 
progeny are expected to be R'%(ci)/+, and 50 percent are expected to be 
ci ey®/+-.. Since it was shown that more than 97 percent of the ci/+, hybrids 
are normal (table 1), it is considered that a large percentage of the class O 
progeny of the R'*(ci)/ci ey® X +;/+. cross represents the ci ey®/+. group of 
individuals. It follows that the more extreme expression in the progeny as a 
whole is due to the individuals of the R'*(ci)/+, constitution. This extreme 
expression represents a position effect. This is in general agreement with the 
dominant ci effect of R'8(ci) in combination with +°¢ within melanogaster 
though the degree of position effect in the hybrid is much greater. 


TABLE 3 
The expression of ci in hybrid males. 
F, hybrid males of y; ci ey? X+,/+, and yw; ci®/ci® X+5/+s. 


oO, 
. ' 70 
oso ™ —" ——$_—_— —_—_—_____—_—_———_ TOTAL MEAN 
— ) 1 2 3 4 
ci ey? /+, 1 99.7 0.1 0.2 — — 1356 0.01 
ci? /+, 83 92 0.4 63 @2 — 4751 0.02 





* Not included in the total. 


Expression of cubitus interruptus in male hybrids 


The data on males were secured by use of two attached X-chromosome 
melanogaster stocks, one carrying ci and the other ci” along with yellow and 
yellow-white marking the X chromosomes. The results of these crosses are 
found in table 3. 

A few exceptional males appeared in other crosses. The cross R'*(ci)/ci 
ey? 2 2 X+./+.0'c" produced 14 exceptional males all with normal venation 
(class O). Theoretically 50 percent of the F, of this cross should be of the 
constitution ci ey®/+,: such flies would be mostly normal. It is not known 
whether the 14 males were all ci ey®/+-, or whether they included R!8(ci)/+. 
individuals. In the ci”/ci” 2 2 Xv./vs0'o" cross there were two such males, 
also normal, and the cross ci¥/ci¥ 2 9 X+s/+sc'o" produced one male of 
class 3. 

Comparing the expression of ci in the two sexes it is seen that most of the 
male hybrids are completely normal while many of the female hybrids have 
various degrees of expression of cubitus interruptus. This is the reverse from 
the effect found in melanogaster where the males are more extreme than the 
females. It may be surmised that the shift toward normality is possibly caused 
by a modifying influence of the simulans X-chromosome whick. alone is present 
in these male hybrids, in contrast to the female hybrids which also possess 
a melanogaster X-chromosome. 
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The simulans 4 chromosome in a melanogaster background 


A unique opportunity for studying the effect of hybrid constitution of the 
fourth chromosome in an otherwise non-hybrid genotype was provided by the 
use of MULLER’s stock in which one simulans 4 chromosome had been intro- 
duced into an otherwise completely melanogaster background. In these “partial 
hybrids” venation is normal when both chromosomes 4 carry a wild type 
allele (table 4, lines 1 and 4). When the melanogaster chromosome carried ci, 
there was a slight expression of ci (lines 2 and 5) similar to the results for ci/+. 


TABLE 4 

The expression of ci in “partial hybrids.” 
F, of Cy/apl; ci ey? /4,K +°/+° 

Cy/apl; ci ey®/4,Xci ey®/ci ey® 

Cy/apl; ci ey /4,<ci¥ /ci¥ 














% 
_——— —— TOTAL MEAN 
0 1 2 3 4 

+°/4, 100 —_ — — — 410 0 
2 2 ci/4, 99.2 0.7 260 0.007 
ci¥ /4, and ci¥ /ci 8.1 0.7 12.9 31.7 46.3 626 3.07 
+°¢/4, 100 - — — —_ 359 0 
aod ci/4, 100 — — — — 139 0 
ci¥ /4, and ci¥ /ci ‘13.5 1.0 9.4 27.3 48.6 688 2.96 





full hybrids listed in table 1. This is in keeping with MULLER’s report before 
the Genetics Society of America at Cold Spring Harbor in 1941, when he 
pointed out that the simulans 4 has a more weakly dominant normal allele 
of ci than is usual in melanogaster. He suggested that this indicates a far reach- 
ing subliminal difference between the normal alleles in the two species. 

The ci”/+, partial hybrids show a more extreme expression of ci” than 
is shown by any other cross reported in the present communication (line 3 
and 6). Approximately half of the flies from the cross Cy/apl; ci ey®/+.X 
ci®/ci® are wholly melanogaster in constitution. Their genotype is ci”/ci™, 
and they are known to show extreme interruption of veins. They are probably 
represented mainly, or exclusively, by class 4 individuals. The other half of 
the offspring from the cross under discussion consists of the partial hybrids 
ci¥/+,. They show a wide range of expressivity, with the maximum in class 
3. In this case the females are slightly less extreme than the males. 


DISCUSSION 


The main results which will be discussed are as follows: 

1. The expression of cubitus in the hybrid females of the genotype ci/+s. 

2. The very strong expression of ci” in flies of melanogaster genotype in 
which one chromosome 4 was derived from simulans. 
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3. The fact of expression of cubitus interruptus in hybrid females of 
R*(+)/+, and R*(+)/+, genotypes. 

4. The strong expression of cubitus interruptus in the hybrid R'*(ci)/+, 
females. 

In comparing the expression of cubitus interruptus in various experiments, 
it is necessary to be aware of possible sources of variability. Variability may 
be due to environmental causes (particularly temperature), to differences in 
genetic background, and to differences in the ci locus itself. Of these three, 
the environmental condition of temperature was kept highly constant by 
means of constant temperature incubators. 

Differences in genetic background seem to be involved in the fact that the 
hybrid males, although few in number, show an unexpected trend toward 
normality as compared to hybrid females. STERN (1945) found that melano- 
gaster males had a more extreme expression of cubitus interruptus than the 
females. In the hybrid condition, however, the expression of cubitus interrup- 
tus in the males is less extreme than in the females. This is true for males 
(X.Ym) derived from attached X-chromosome melanogaster mothers, as well 
as primary exceptional males (X,O) which appear among the females of 
melanogaster-simulans crosses (table 3). Since both of these male hybrid types 
possess a X, chromosome only (X,Y, hybrids do not exist), in contrast to the 
female hybrids -who also carry a X,, chromosome, the posibility is suggested 
of a modifying influence of the X, chromosome on ci. 

The third possible cause for variation in the expression of cubitus interruptus 
in melanogaster and melanogasier-simulans hybrids is the presence of different 
wild type iso-alleles on the fourth chromosome. Jso-alleles are defined (STERN 
and SCHAEFFER 1943) as “different alleles indistinguishable except by special 
tests.” In comparing heterozygous ci”/+ melanogasier genotypes as listed by 
STERN and SCHAEFFER (1943), with the flies derived from crosses with Mut- 
LER’s stock, it appears that the normal allele of ci represented on the simulans 
chromosome 4 is similar to the +? allele in melanogaster rather than to +° 
or +*. This hypothesis is in basic agreement with the further fact that ci/+, 
hybrids show a significant percentage of interrupted veins; which is also 
true, though to a larger degree, for ci/+* heterozygotes in melanogaster. 
However. these considerations leave out of account the general fact of different 
genetic backgrounds in the organisms compared, nor do they suffice to explain 
why ci¥/+, hybrids are less normal than heterozygotes, in melanogaster, of 
ci” with any of three wild type iso-alleles described. A satisfactory clarification 
of these findings has not been obtained. 

In testing for an effect of different stocks upon the expression of cubitus 
interruptus, the results show a statistically significant difference, as pre- 
viously indicated, if wild type or vermilion simulans flies serve as parents. 
This may be due to one or more of the three variable factors: environment, 
genetic background, or different iso-alleles at the ci locus. There is no reason 
to expect the same iso-alleles to be present in both of these stocks, just as 
there were three iso-alleles (+°, +*, and +*) found in the three melanogaster 
stocks investigated. 
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Existence of different wild type iso-alleles may account for contrasting 
findings by MULLER and PonTEecorvo (1942) and StuRTEVANT (1946). The 
first named authors found that in the “partial hybrids” of the constitution 
4,/4m in which 4, carries the recessive gene cubitus interruptus, this gene 
becomes partially dominant. Sturtevant states that in simulans haplo-dot flies 
usually show a weakening of the cubital vein, but that his “observations in- 
dicate that melanogaster cubitus interruptus is fully recessive in diplo-dot 
F, hybrids between these species. I am inclined to suspect that the single 
transferred chromosome studied by Muller and Pontecorvo may have under- 
gone mutation at the time it was heavily X-rayed in their initial technique for 
transferring it to melanogaster” (1946, p. 266). The data submitted on ci/+, 
hybrids agree with the observations of MULLER and PONTECORVO, where the 
normal allele of cubitus interruptus on the simulans 4 chromosome is not fully 
penetrant. The recessive ci gene shows a weak expression in the full ci/+, 
hybrids. 

There is a strange situation in respect with the expression of ci” in full and 
partial hybrids. The expression of ci” is considerably more extreme in the 
“partial hybrid” ci” /4, than in the hybrid ci”/+,, although it is less extreme 
than in the melanogaster heterozygotes. The expression of the alleles ci and 
ci” in different combinations does not seem to follow a simple rule. Since the 
present data are derived from chromosomes which had never been subjected 
to X-radiation, they show that StURTEVANT’s observations do not hold in all 
cases. 


Position alleles and position effect 


The position alleles R*(+) and R*(+) are wild type +° genes which have 
been translocated to a new position. When these alleles are crossed with the 
wild type simulans stock, the hybrids frequently show interrupted veins 
(table 2) in contrast to the completely normal +/+, control hybrids (table 
1). Since the simulans flies are of the same stock and the melanogaster alleles 
are the same except for their positions, the appearance of the ci phenotype in 
R(+)/+s flies is due to position effect. 

A corresponding effect is found in R'*(ci)/+, hybrids. The great majority 
of the individuals of this constitution show the ci phenotype while less than 
three percent of the ci/+, control hybrids are not normal. Again the difference 
between experimental and control flies constitutes a position effect. This 
position effect of R'*(ci) in hybrids shifts the phenotype in the same direction 
as it does in melanogaster. 


The bearing of the results on the “Structural Theory” of position effect 


According to this theory which was proposed by EpHrussi and SuTToNn 
(1944) and later elaborated upon by GrersH and Epurussi (1946), there are 
two possible causes for position effect: an interchromosomal stress caused by 
abnormal pairing between chromosomes, and an intrachromosomal stress due 
to reorganization within the chromosome itself. EpHrussi and SutTToNn 
(1944) state that “structural heterozygosity might be a necessary condition 
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for position effect, and that in complete absence or complete normality of 
pairing in the region of the affected locus, the position effect is only poten- 
tial.” 

If the position effect at the ci locus were due to interchromosomal stress, 
the absence of pairing in hybrids should result in disappearance of the position 
effect. In contrast to this expectation, all three position alleles studied showed 
a strong position effect in the hybrid. Therefore, in order to account for the 
observed position effect in terms of the structural theory, it would be indicated 
to assign the effect to intrachromosomal stress. 

Such an assumption appears not in accordance with the fact that in hemizy- 
gous condition within melanogaster, R*(+) and R*(+-) lead to normal pheno- 
types (STERN, MacKnicut and Kopant 1946). There is no reason to believe 
that the process of hybridization would set up an intrachromosomal stress in a 
chromosome which within its own species does not undergo such stress. Con- 
sequently, the lack of a position effect in the hemizygotes and its presence in 
the hybrid are not favorable to the structural theory. 

It may be argued that an intrachromosomal stress exists both in the melano- 
gaster hemizygote and in the hybrid, but that the genetic background, or the 
(+.°*) allele in the hybrid are such as to lead to phenotypic expression of this 
stress whereas the background in melanogaster is not favorable to this expres- 
sion. This objection cannot be ruled out, but the admission of a subliminal 
position effect deprives the structural theory of one of its strong points, 
namely, the argument that hemizygotes of R(+) do not give a position effect. 

Finally, it should be said that in spite of a point raised earlier, it is possible 
to invoke interchromosomal stresses in the hybrids. According to SLIZYNSKI 
(1941) pairing of the heterochromatic left arm of the fourth chromosomes in 
hybrids does occur. If such pairing could set up stresses which extend through 
and beyond the kinetochore into the right arms which bear the ci locus, then 
the observed position effect could be accounted for within the framework 
of the structural theory. 

SUMMARY 


1. The expression of alleles of the locus cubitus interruptus (ci), was studied 
in hybrids of Drosophila melanogaster X D. simulans. The alleles were in their 
normal position in chromosome 4 of melanogaster as well as in rearranged 
positions. The simulans chromosome 4 contained a wild type allele of ci. 

2. Both female and male hybrids heterozygous for the recessive ci gene 
showed a slight expression of ci in contrast to the lack of expression in ci/+ 
melanogaster heterozygotes. The phenotypes of the male hybrids tended to a 
weaker expression than those of the female hybrids contrary to the situation 
usually found within melanogaster. In “partial hybrids” in which one simulans 
4 chromosome is present in an otherwise completely melanogaster background, 
the ci allele likewise is expressed. 

3. The position alleles R*(+) and R*(+) lead to interrupted phenotypes. 
The rearrangement R'*(ci) showed a strong expression of ci. The phenotypes 
caused by the position alleles are the expression of position effects in the hy- 
brids. 
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4. The observed results indicate that there is probably present a wild type 
iso-allele in simulans stocks somewhat similar to the +? iso-allele found in 
melanogaster. 

5. The results are discussed in the light of the “structural theory” of position 
effect. In consideration of the reduction of somatic pairing of chromosomes in 
hybrids it is concluded that interchromosomal stress cannot produce the 
observed position effect unless such stress can pass from the left arm of 
chromosome 4 over the kinetochore to the right arm. 

6. Intrachromosomal stress, if it exists, would have to be assumed to be 
subliminal in some cases. 
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ARTHENOGENETIC development of the egg in maize under the stimu- 

lus of pollination and normal endosperm development has been noted by 
RANDOLPH (1939), STADLER (1949), Fortuno (1948) and others. Data on the 
frequency of haploidy are meager. RANDOLPH discovered 23 parthenogenetic 
diploids among 17,165 individuals in the progeny of tetraploid maize, a 
frequency of about 1:750. Ernset (1942) found 2 monoploids in 1916 plants 
in the progenies of trisomic plants pollinated by normal diploids; a frequency 
of 1:958. STADLER obtained a frequency of about 1:100 in a diploid multiple 
recessive tester, which is the highest incidence of haploidy reported in maize, 
perhaps 20 times the supposed average frequency. 

Monoploid maize is useful as a source of interesting experimental material, 
either directly or through its derivatives, and also as a source of homozygous 
diploids for breeding purposes. Since gametes can be sampled directly in 
monoploids, if such plants can be obtained in sufficient number and, through 
doubling of the somatic chromosome complement or interference with the 
meiotic mechanism, rendered sufficiently fertile to assure seed production, 
their use in a breeding program in any open-pollinating crop should be of 
considerable practical importance (see STADLER 1949). 

The present study is concerned with the incidence of monoploids, of ma- 
ternal origin, in the progenies of a commercial double cross hybrid, and in its 
component single cross hybrids and inbred lines when pollinated by four 
unrelated pollen stocks. 


MATERIALS AND METHODS 


The stocks used for the seed parents (or monoploid source stocks) included 
the double cross hybrid (0s420 M14) X(WF9X W22); the two single cross 
hybrids Os420 XK M14 and WF9X W22; and the four inbred lines Os420, M14, 
WF9, and W22. The stocks selected for pollen parents included the inbred 
lines A385, 38-11, B112, and R43687-1 (an a-tester, liguleless, brown plant 
combination, a B PI C R* Pr lg, developed by L. F. RANDOLPH). Pollinations 
were made in the field in the summer of 1947. This season was unusually dry 
and hot. As a consequence seed set after hand pollination was poor, averaging 
about 70 kernels per ear, a third of the expected yield. For the determination 
of monoploid frequencies seed from each cross was bulked. In combination 
with R43687-1 all of the source stocks normally produced kernels with purple 
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TABLE 1 


Monoploid frequencies (by individual crosses) in a commercial double cross hybrid maize, and in its 
com ponent single cross hybrids and inbred lines when pollinated by four unrelated lines. 


TOTAL —" FRE- 
MONO- 
Geol Havent POLLEN NUMBER SOND QUENCY PROPOR- 
PARENT SEED- a, PER TION 
LINGS — 1,000 
LINGS 

(Os420& M14) X (WF9X W22) A385 2,406 0 0.00 (0:2 ,406) 
Same 38-11 (3, 604)* (2) (0.55) (1:1,802) 
Same B112 1,741 4 2.30 1:435 
Same R43687-1 3,215 1 0.30 S275 
Os420 M14 A385 3,014 0 0.00 (0:3,014) 
Same 38-11 3,240 10 3.22 1:311 
Same B112 908 1 1.10 1:908 
Same R43687-1 4,675 0 0.00 0:4,675) 
WF9XW22 A385 1,577 1 0.64 isi. Sr 
Same 33-11 1,163 8 6.88 1:145 
Same B112 517 1 1.93 1:517 
Same R43687-1 2,569 3 i 1:856 
Os420 A385 34 0 0.00 (0:34) 
Same 38-11 2,161 3 1.39 1:720 
Same B112 ste -— 
Same R43 687-1 572 ] 1.75 1°572 
M14 A385 886 0 0.00 (0:886) 
Same 38-11 305 0 0.00 (0:305) 
Same B112 692 0 0.00 (0:692) 
Same R43687-1 1.575 } 0.64 13.549 
WF9 A385 73 0 0.00 (0:73) 
Same 38-11 423 0 0.00 (0:423) 
Same B112 2,006 2 1.00 1:1,003 
Same R43687-1 624 2 3.22 1:312 
W22 A385 ee - 
Same 38-11 457 2 4.38 1:229 
Same B112 318 1 3.14 1:318 
Same R43687-1 — - 


* Of the presumed “Px” fraction (3,406 kernels) one-half were discarded because of fungus 
infection and the other half started in sand. Observation for the Pu phenotype after germination 
in sand proved to be difficult and the method was discontinued for other Pu cultures. The two 
monoploids were found in the “non-Px” fraction (225 kernels). 

** Whole series discarded because of fungus infection. 
*** Inbred W22 silked out too late for pollination by A385 and R43687-1. 
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TABLE 2 
Monoploid frequencies (data from Table I totalled by seed parent, by pollen parent, by single 
crosses combined, by inbreds combined, and for all crosses) in a commercial double cross hybrid maize, 


and in its component single cross hybrids and inbred lines when pollinated by four unrelated lines. 


NUMBER 


TOTAL lea FRE- 
POLLEN NUMBER QUENCY PROPOR- 
SEED PARENT PLOID 
PARENT SEED- es PER TION 
LINGS — 1,000 
LINGS 
(Os420X M14) KX (WF9XW22) - All combined 11 ,026* 7 0.63 1,545 
Os420X M14 All combined 11,710 11 0.94 1:1,065 
WF9XW22 All combined 5,826 13 2.423 1:448 
Os420 Allexcept B112 2,767 4 : 1:692 
M14 All combined 3,458 1 0.29 1:3,458 
WF9 All combined 3,126 4 1.29 1:782 
W22 All except A385 
and R43687-1 775 3 3.87 1:258 
All seed stocks A385 7,990 1 0.13 1,7,990 
Same 38-11 11,226 25 a:20 1:449 
Same B112 6,182 9 1.46 1:687 
Same R43687-1 13,290 8 0.61 1:1,661 
Single crosses combined All combined 17 ,536 24 1.37 1:731 
Inbreds combined All combined 10,116 12 1.20 1:843 
1 


All seed stocks All combined 38 ,684* 43 11 1:900 


* See first footnote, table 1. Recorded number of monoploids probably low. 


aleurone. All kernels with colorless aleurone and yellow endosperm in this 
series of crosses were therefore discarded as probable contaminants. Such 
kernels were rare. The other pollen stocks did not possess the necessary aleu- 
rone genes to produce purple aleurone in combination with the seed stocks used 
in these experiments, nor did they possess other genes which could be readily 
used to indicate pollen contaminants. 

The tester stocks A385, 38-11, and B112 carried the dominant gene for 
purple plumule, Pu, and the seed parent stocks carried the recessive allele of 
this gene. Consequently, lack of the purple plumule phenotype in any given 
individual in the progenies indicated a possible monoploid. Screening for the 
purple plumule character was carried out first on the dry kernels and again 
(for both “Pu” and “non-Px” kernel fractions) in early germination stages. 
In most cases the initial sorting in the dry stage was unsatisfactory. The plants 
were started on trays in a germinator and all showing the Pu character were 
discarded. From the remainder root tip samples were taken and the plants 
transferred temporarily to two inch pots for further study. The root tip 
samples were pretreated with cold water for 1 to 2 hours, fixed in 1:3 acetic 
alcohol for 4 to 8 days, and then smeared in acetic orcein. 

The tester R43687-1 in combination with the seed parent stocks yields a 
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hybrid progeny with purple plant color. The plants of this series were germi- 
nated in a sand bed in the greenhouse and screened for non-purple plants as 
soon as the purple phenotype was well developed (12-16 days). The non-purple 
plants were placed in two inch pots and, as soon as the root system became 
reestablished, sampled for root tip chromosome determinations. In all cases, 
with this tester and the others, the final determinations of genome number 
depended on chromosome counts. 


EXPERIMENTAL RESULTS 


In this investigation 38,684 seedlings were classified and 43 monoploids 
were identified, an average frequency of approximately 1:900. The data for 
each cross are given in table 1. In table 2 these data are combined to show 
(1) the differences in haploidy frequency obtained from the different seed 
stocks, (2) those obtained from each of the pollen parents, and (3) the average 
frequency for the combined single crosses, the combined inbreds and all stocks 
combined. 

DISCUSSION 

The data, though limited in their significance due to the relatively small 
number of plants involved, suggest that when used as the seed parent some 
stocks are more favorable sources of monoploids than others, irrespective of 
the pollen parent, and conversely, certain stocks when used as the pollen 
parent are more efficient “stimulators” of haploidy than others. The highest 
incidence of haploidy resulted from the combination of pollen and seed stocks 
which in other crosses provided relatively high frequencies of monoploids. 
The cross WF9 X W22 by 38-11 is a good example of this. 

Moreover, there is a strong suggestion in the haploidy data of the double 
cross hybrid and its components, that the incidence of haploidy in a single 
cross can be predicted from the behavior of the component inbreds. This is 
most striking (see table 2, part 1) if in predicting the performance of the single 
cross WF9X W22 one makes appropriate adjustments for the lack of data on 
crosses involving the inbred line W22 with A385 and R43687-1 as pollinating 
agents. One can assume that the data from these crosses, if available, would 
depreciate the frequency value for W22. In the same way the average per- 
formance of the inbreds 0s420 and M14 approximates the frequency value of 
the derived single cross (Os420 X M14), especially when due allowance is made 
for the lack of data on progeny of Os420 pollinated by B112. Unfortunately, 
the frequency data for the progeny of the double cross hybrid pollinated by 
38-11 are largely invalidated (see footnote, table 1). If the data on the prog- 
eny of the double cross hybrid pollinated by 38-11, and the corresponding 
data for the two single crosses are ignored, the predicted value for the double 
cross hybrid would be 0.57 per thousand, the actual value recorded 0.67 per 
thousand. 

At present our understanding of the mechanics of haploidy is too limited to 
make statistical analysis of these data of much value. From the point of view 
of adequate sampling, it is desirable to test a sample of several thousand when 
the expected frequency of occurrence is of the order of 1:1,000. 
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Of importance in evaluating the pollinating stocks used may be the fact 
that the order of increasing haploidy for these is the same as the order of 
anthesis; thus A385 was in anthesis first, R43687-1 second, B112 third, and 
38-11 last. The result of this, as the experiment was set up, was that the silks 
of the monoploid source stocks were held longer for B112 and 38-11 than for 
A385 and R43687-1. However, W22, the latest of the source stocks, was 
pollinated promptly as soon as silks were available, yet it appears to have the 
highest incidence of haploidy of all the seven source stocks. There are other 
indications in the data that delayed pollination of itself is not sufficient ex- 
planation for the wide variations in haploidy recorded. 

From the point of view. of genetic separation of the diploids from the mono- 
ploids stock R43687-1 was most efficient. Of the Pu stocks A385 appears to be 
most suitable for this purpose. In combination with some of the seed stocks 
38-11 and B112 yield some diploids in which the Pu phenotype is difficult to 
recognize, and in many cases it was impossible definitely to distinguish hybrid 
diploids from monoploids. In the case of B112, 55 plants phenotypically were 
not definitely Pu and were sampled for chromosome numbers; of these 9 were 
monoploid. One plant, from the cross of M14 by B112, was triploid. From 
crosses involving 38-11 as the pollen parent, 69 plants were sampled for chrom- 
osome counts; of these 25 were monoploid. 


SUMMARY 


The double cross hybrid (Os420&M14)X(WF9XW22), and its com- 
ponent single cross hybrids and inbred lines were tested for haploidy using 
the lines A385, 38-11, B112, and R43687-1 as pollinating stocks. 

1. Wide variation in the frequency of haploidy was obtained from the 
various stocks used in the present study. These frequencies ranged from a 
low of approximately 0:4,500 to a high of 1:145. 

2. Certain stocks when used as the seed parent tended to produce signifi- 
cantly higher frequencies of monoploids than other stocks, irrespective of the 
pollen parent. 

3. Similarly, certain pollen parent stocks tended to produce higher fre- 
quencies of monoploids than others, irrespective of the seed parent involved 
in the cross. 

4. The actual incidence of haploidy in any particular cross apparently was 
influenced by both parents, and the highest frequencies were obtained from 
combinations of stocks which in various crosses produced relatively high 
frequencies of monoploids. 

5. An average frequency of approximately one monoploid per nine hundred 
seedlings was obtained for the material studied. 
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INTRODUCTION 


OR the past 20 years data have been accumulated at the KANsAs AGrI- 

CULTURAL EXPERIMENT STATION on the linkage relations of factors in the 
domestic chicken with the objective of establishing chromosomal maps for this 
species. The possibility of obtaining sufficient data for locating gene markers 
on all the chromosomes seems rather remote, since each succeeding publication 
on the cytology of the chicken increases the proposed number of chromosomes. 
One of the earliest careful studies on the chromosomes of the fowl was by 
GUYER (1916), and he found the diploid number to be 15 to 19. Later SH1waco 
(1924) reported 32 chromosomes, and HANCE (1926) reported 36 chromosomes. 
WHITE (1932) found 66 chromosomes in the fowl and YAMASHINA, in 1944, 
placed the number of chromosomes at 78. Numerous other workers have re- 
ported chromosome numbers between the above mentioned extremes. 

The lack of agreement among cytologists is due to the difficulty of obtaining 
satisfactory preparations for study and the rather large number of very small 
c romosomes. Whether there are 16 or 39 pairs of chromosomes in the chicken 
will not make too much difference to the geneticist since even the smallest 
proposed number makes the problem of complete mapping a complicated one. 
It is true, however, that the chicken is the one domestic animal which offers 
material that is at all promising for gene mapping. Some of the sex-linked 
factors in the fowl show what appears to be independent assortment among 
themselves. This would indicate that map distances on the sex chromosome 
are so great that the percentage of crossing over is large enough to obscure 
evidence of linkage. The earlier cytologists believed that the largest member 
of the chromosomal complex was the sex chromosome but more recent workers 
hold that several of the autosomes are larger than the sex chromosomes. If 
the latter interpretation is correct, we can expect additional difficulty in 
obtaining gene maps of the autosomes of this species because of long distances. 

Fortunately, the chicken has a considerable number of non-interfering 
characters which are satisfactory for linkage tests. This permits the testing of 
several characters in one cross, thus reducing the work and facilities required. 
Because of mortality which may be large during growth, it is desirable to have 
characters which express themselves early in life, preferably in the day-old 
chick. Many individuals are lost because of failure to hatch. The late-stage 
deaths in shell may be salvaged for traits identifiable at that time, since sex 
may be determined then by examination of the gonads. Characters which 


1 Contribution No. 176 from the Department of Poultry Husbandry. 
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TABLE 1 


Results of backcrossing the heterozygote to the recessive 
parent for those characters studied. 


FEMALE OFFSPRING MALE OFFSPRING TOTAL 
TRAIT BIRDS BIRDS BIRDS BIRDS BIRDS BIRDS 
SHOWING LACKING SHOWING LACKING SHOWING LACKING 
TRAIT TRAIT TRAIT TRAIT TRAIT TRAIT 
Albinism 419 454 373 484 792 938* 
Pinkeye 345 447 335 367 680 814* 
Multiple spurs 390 428 332 353 722 781 
Rumpilessness 1624 1756 1665 1696 3289 3452* 
Polydactylism 1435 1941 1365 2008 2800 3949* 
Duplicate 748 790 756 814 1504 1604 
Syndactylism 483 907 33 705 856 1612* 
Retarded feathering 170 198 218 200 388 398 
Feathered leg 1316 2106 1514 1918 2830 4024* 
Naked neck 2277 2332 2355 2447 4632 4769 
Crest 1846 1993 2036 2121 3852 4114* 
Flightlessness 1371 1517 1463 1494 2834 3011* 
Silkie 880 905 896 797 1776 1702 
Ropy 189 211 202 232 391 443 
Frizzling 873 972 925 1030 1798 2002* 
Muff 1463 1557 1380 1477 2843 3034* 
Fray 526 576 585 767 1111 1341* 
Rose comb 1244 1215 1186 1314 2430 2529 
Pea comb 1481 1571 1354 1653 2835 3224* 
Duplex comb 860 1164 1032 1161 1892 2325* 
Dominant white 1976 1823 2154 2011 4130 3834* 
Recessive white 429 351 388 327 817 678* 
Blue 670 709 761 769 1431 1478 


White skin 1479 1429 1503 1505 2982 2934 


* These are cases where the deviation from the expected 1 to 1 ratio was statistically sig- 
nificant. 


were accompanied by low viability, or which were difficult to identify, were 
usually avoided in this study because of the unreliability of the resulting 
linkage data. 

CHARACTERS UTILIZED 


Albinism.—This character was reported by WARREN (1933a) as one in- 
hibiting pigment in the eye and plumage and adversely affecting the vision of 
the bird. It behaves as a recessive. The character is best identified by the 
brilliant red eye in the day-old chick. The resulting poor vision causes low 
viability. Table 1 records the segregation of this character when the heterozy- 
gote is backcrossed to the recessive. The ratio of 792 albinos to 938 normals 
deviates significantly? from the expected one to one ratio and indicates that 

? Any deviations from a one to one ratio referred to as statistically significant by the Chi- 


square test are at or beyond the 5 percent level. Statistical assistance was given by Dr. H. C. 
FRYER of the Statistical Laboratory of the KANSAS AGRICULTURAL EXPERIMENT STATION. 








LINKAGE IN THE FOWL 335 


some condition interferes with the expression of albinism. Since the red eye 
could be identified in a late stage embryo, some embryos dying in the later 
stages of incubation were included in the above totals. 

Pinkeye-—Pinkeye was found by WARREN (1940b) to be inherited as a 
recessive to the normal eye color. In the day-old chick pinkeye was virtually 
indistinguishable from albinism, except that diluted pigmentation could show 
in the plumage unless inhibited by other factors for white. In both pinkeye 
and albinism, the vision of the carriers was impaired and in each, the adult 
iris color did not differ greatly from normal. The pinkeye factor dilutes black 
plumage color to a shade of blue. The total of 680 pinkeyes to 814 normals 
recorded in table 1 deviates from the expected equality to a statistically sig- 
nificant degree indicating that deviation is not due to chance. The totals in- 
clude both day-old chicks and late embryonic classification. 

Multiple spurs——This trait is expressed as triple spurs instead of single 
spurs on each leg. Multiple spurs are a standard requirement for the Sumatra 
breed. The character may be identified any time in life beginning with the 
late embryonic development (Hutt 1941). In the day-old or younger stage, 
multiple spurs are identified by the absence of any spurs since the triple spurs 
to appear later in development then appear as oversized, flattened scales on the 
leg. The possibility of overlooking multiple spurs in the day-old chicks may 
account for the slight shortage of multiple spurs found in table 1 which records 
722 multiple spurs to 781 normals. The deviation from the expected ratio is 
not statistically significant. 

Rum plessness.—DwuNN (1925) reported on the inheritance of the character, 
but it has been known as a heritable trait in the chicken for several centuries. 
The character used in this study is inherited as a dominant, although Lan- 
DAUER (1945) has reported on a similar recessive trait. The primary morpholog- 
ical change in the rumpless fowl is the absence of the five free caudal vertebrae 
and the pygostyle, and this is responsible for the absence of tail feathers. By 
palpation the absence of the caudal vertebrae may be detected as early as the 
late embryonic stage. The viability of birds carrying rumplessness is not im- 
paired but the absence of the caudal vertebrae permits the saddle feather to 
hang down over the vent, thus interfering with copulation and resulting in 
poor fertility. The total of 3289 rumpless birds to 3452 normals deviates from 
the expected one to one ratio to a degree which is statistically significant. 

Polydactylism.—This term is usually applied to five-toed condition as 
contrasted with the more common breed characteristic, four toes. The extra 
toe usually has one more phalanx than the No. 1 digit to which it is usually 
attached. In segregation there is evidence of modifying factors which influence 
the expression of polydactylism (PUNNETT and PEASE 1929; WARREN 1943). 
Polydactylism behaves as a dominant character with high variability in ex- 
pression in both the heterozygote and homozygote. Even though polydactyly 
is dominant, an occasional heterozygote has only four toes. Polydactylous 
individuals seem to be fully as vigorous as the normal four-toed type. Probably 
due to the presence of modifying factors, there is usually a striking shortage 
of polydactylous segregates. The data in table 1 show 2800 polydactyls to 
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3949 normals, a ratio which deviates from the expected in a statistically highly 
significant manner. 

Duplicate.—This trait was described by WARREN (1941) as a new type of 
polydactylism. It appeared as a mutation in the four-toed White Leghorn. 
Like polydactylism it is dominant and variable in expression, but more 
commonly exhibits six toes than does the former. Duplication of digits in the 
wing are also common in the duplicate character. The character is easily 
identified in the day-old chicks. In the homozygous state, duplicate sometimes 
causes the leg to be deformed to a degree that it cripples the possessor and 
impairs its viability. The penetrance of duplicate is better than that of poly- 
dactylism. The backcross data show a total of 1504 duplicates to 1604 normals, 
a ratio which does show a statistically significant deviation from the expected. 

Syndactylism.—This trait which causes webbing between the third and 
fourth toes is not a breed characteristic. It has been observed commonly in the 
White Plymouth Rock breed, and the genetic behavior of this trait is de- 
scribed in a paper now in press (WARREN 1949). Syndactylism behaves as an 
irregular recessive with an occasional appearance of the defect in the F; 
generation and poor penetrance in the F2 generation. There is no evidence of 
any influence of this character on the viability of the carriers, except that 
when the toes are exceptionally closely bound together walking is somewhat 
impeded. The large shortage of syndactyls in the backcross generation is shown 
in table 1 where 856 syndactyls and 1612 normals were obtained in a mating 
from which equality was expected. 

Retarded.—This character expresses itself in the presence of the sex-linked 
early feathering by reducing the number of well-developed secondary flight 
feathers in the day-old chick from a total of 6 or 8 to a total of 2 or 3. In the 
10-day-old chick it inhibits tail feather development and secondary flight 
feathers. The character is identifiable in day-old chicks, but not in the embry- 
onic stage. This character was first described by WARREN (1933b). The totals 
of 388 retarded to 398 normals are recorded in table 1. The character behaves 
as a recessive and does not affect the viability of the carrier, since the ratio 
is virtually one to one, the deviation having no statistical significance. 

Feathered legs.—Leg feathering is characteristic of the Asiatic breeds. When 
mated with normal (non-feathered), leg feathering behaves as a dominant. 
There are varying intensities of leg feathering, and it has been proposed that 
two factors are involved. Characters due to multipie factors are not well 
adapted for gene mapping, but it should be possible at least to find evidence for 
or against linkage. Leg feathering can be identified as early as the late em- 
bryonic stages, and the character does not affect the vigor of the individual. 
Most of the data reported in table 1 were obtained from matings of feather 
legged birds which were segregates, rather than from matings of purebreds 
having this feathering trait, and as a result the segregation ratios differ widely 
in the 47 matings supplying the data. The total (table 1) shows 2830 with 
feathered legs to 4024 non-feathered. This ratio differs widely from a one to 
one and gives support to the view that more than one factor is involved. 

Naked neck.—This is a very old breed known as the “Transylvania Naked- 
Neck.” It is characterized by the absence of all feathers on the neck. DAVEN- 
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Port (1914) described it as a simple dominant. The trait is readily recognizable 
in late stage embryos, as well as in older individuals. Birds carrying this 
character have their vigor unaffected and the ratio of naked neck to normal 
fits closely the expected one to one ratio. Backcrosses to the recessive normal 
gave 4632 naked necks to 4769 normals. 

Crest.—This breed trait is expressed by causing the feathers on the head 
to be much longer than normal and to grow more erectly. It has been shown 
by FIsHER (1934) that homozygous crest causes the dorsal skull to be sharply 
domed, giving an expression which was earlier thought to be a separate char- 
acter—cerebral hernia. In homozygous crest the extremely long feathers hang 
down over the sides of the head and impair the vision. The doming of the skull 
also causes pressure on the brain which probable handicaps the bird. The longer 
more erect down on the head makes it relatively easy to recognize crest in the 
day-old chick. The backcross segregates show a total of 3882 crests to 4114 
normals. The shortage of crested individuals causes the proportion to deviate 
significantly from the expected equality. 

Flightlessness—This dominant trait was first studied by WARREN (1932). 
The down of the day-old chick is unaffected either in the heterozygous or 
homozygous state. It was observed (WARREN 1937) that the homozygote is 
virtually featherless at maturity, if the individual survives that long. The 
feathers are so defective that they break off as soon as they emerge. Homozy- 
gotes usually die at not later than early maturity age and never seem to 
become sexually mature. The heterozygote seems quite viable and only the 
large flight and tail feathers break off making the bird incapable of flight. 
The backcross data in table 1 gave a ratio of 2834 heterozygous flightlessness 
to 3011 normals. The shortage of flightless individuals is too great to be con- 
sidered due to chance and may be due to poor penetrance of the character, 
or to some difference in viability since the trait could not be recognized until 
the chicks were about three weeks old. 

Silkie.—This fluffy type of plumage is normal for the Silkie bantam. The 
fluff type of feathers found on the whole body of the silkie is ordinarily re- 
stricted to the abdomen of other breeds. The fluffing of the feather is due to 
the defective microscopic hooklets which, when of normal structure, hold the 
barbs and barbules into a firm web. This character behaves as a simple reces- 
sive with no influence on the viability. It is not recognizable until the chick 
is a few weeks old. The backcross data in table 1 show a total of 1776 silkies 
to 1702 normals. The slight deviation from a one to one ratio may be attrib- 
uted to chance. 

Ropy.—A heritable defective feather condition was discovered in the Kansas 
State College poultry flock and was called ropy. In the newly-hatched chick 
the down fails to fluff out and in the adult the shaft of the larger feathers is 
grooved. This trait behaves as a simple recessive. Birds showing this trait do 
not seem to have their vigor impaired. The backcross ratio in table 1 is 391 
ropys to 443 normals, which does not deviate sufficiently from the expected 
one to one ratio to have any statistical significance. The data on the mode 
of inheritance have not yet been published. 

Frizzling—This trait has long been known in certain types of show ring 
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chickens. It causes the feathers to curl up, giving the bird a ragged appearance. 
LANDAUER and Dunn (1930) and Hutt (1930) each showed that the homozy- 
gote has such defective feathers that it is not provided with adequate pro- 
tection for survival. Homozygotes do not survive well unless given special 
care. The backcross data show 1798 frizzles to 2002 normals, and the shortage 
of frizzles is too great to be attributed to chance. 

Muff—tThis peculiar trait, common to some of the continental breeds of 
poultry, behaves as a dominant. The factor causes the lengthening of feathers 
on the cheeks and chin, and is usually referred to as muffs and beard. Longer 
down in these regions of the head characterizes the trait in the day-old chick. 
Birds with the character seem fully viable. The ratio of 2843 muff to 3034 
non-muffs in the backcross data shows the character not to have complete 
penetrance or that all muffed individuals were not recognized. Characters 
such as naked neck make identification of muff difficult. 

Fray.—This trait is recessive to normal and causes the larger feathers of the 
body to have a poorly formed web, but is not so extreme as silkie. Fray is not 
identifiable in the day-old chick but can be seen in the first set of wing feathers 
after they have emerged from their enclosing sheaths. This character was 
found in the Ancona breed by WARREN (1938). The stocks carrying fray have 
generally not been vigorous, but this may have been due to the inbreeding 
necessary for carrying a recessive trait. In the backcross data 1111 frays to 
1341 normals are reported. Again there is a statistically significant shortage 
of the mutant type. 

Rose comb.—Rose comb varieties are known in several breeds of poultry. 
The low, flattened comb type is readily identifiable from the allele single comb, 
in the late embryonic stages. The rose comb varieties seem to be fully viable. 
Rose comb is completely dominant to single comb. The ratio of 2430 rose 
comb segregates to 2529 single comb segregates shows the character to possess 
good expressivity. The deviation from the expected ratio is not statistically 
significant. 

Pea comb.—This is another varietal characteristic which is recognizable in 
the day-old chick and late embryos, unless the single comb to which it is 
crossed carries a large comb such as is characteristic of Mediterranean breeds. 
The large comb factor causes the heterozygous pea to vary toward the single 
comb type. The typical pea comb is a low type of comb with three ridges ex- 
tending the length of the comb. If the single combed individual used in the 
cross to pea comb is a small-combed type, pea comb behaves as a complete 
dominant. The pea comb does not affect the vigor of the possessor. The ratio 
of pea comb to single comb (normal) in table 1 is 2835 pea combs to 3224 single 
combs. The deviation here from the expected ratio is‘highly significant statis- 
tically. The shortage of the pea type may result from the fact that the comb 
size factors affect the expression of pea comb to the extent that it may be 
confused with the single type, especially in immature individuals. 

Duplex comb.—The duplex type of comb is a requisite in some breeds. As 
the name indicates, it is split single comb, the split extending for varying 
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distances in the direction of the length of the blade of the comb. Duplex can 
ordinarily be identified in the day-old chick by the use of a hand lens. Duplex 
is dominant to normal and has no effect on the viability of the bird. Occasion- 
ally, where the split is only slight, the character may be overlooked in the 
day-old chick. This may account for the statistically significant shortage of 
duplex in the segregates recorded in table 1. There were 1892 duplexes to 
2325 normals. 

Dominant white-——This character is usually found in one breed of chickens 
only, the White Leghorn. If the extension factor is present, it is a simple matter 
to identify segregates of dominant white at hatching time. No viability factors 
are here involved. This character shows good penetrance as is evidenced by the 
ratio of 4130 whites to 3834 colored in the backcross generation data found in 
table 1. In the case of dominant and recessive white which follows, the excess 
of whites over colored was statistically significant. This may be accounted 
for by the fact that in some instances the classification was in the day-old 
chick. Sometimes the Columbian pattern in combination with silver produces 
a chick which might at hatching be classified as white. There is also the pos- 
sibility that some of the crossbred stocks used in studies of dominant white 
may have occasionably carried the recessive white factor and in segregation 
caused an excess of whites. 

Recessive white—Recessive white color is characteristic of most white 
varieties other than the White Leghorn. This trait does not affect the viability 
of the bird carrying it. The backcross data in table 1 show 817 whites to 678 
birds with colored plumage, an excess of white which is statistically signif- 
icant. 

Biue——Blue plumage is the color characteristic of the Blue Andalusian 
breed. It is often recorded asa case of blending inheritance since the bird 
showing the blue color is the heterozygote resulting from crossing blacks and 
splashed whites. The character has no effect on viability of the bird. The color 
can be recognized in the day-old chick which also carries the extension factor. 
The backcross of the blue heterozygote to colored birds gave a ratio of 1431 
blues to 1478 non-blues as shown in table 1. This deviation from the expected 
one to one ratio is not statistically significant. 

White skin.—White skin is another breed characteristic and has as its allele, 
yellow skin. The distinction between these two skin colors does not express 
itself until the chick is a few weeks old and then is most sharply defined in the 
legs. Skin color has no influence on the vigor of the stock. White skin is 
dominant to yellow. The ratio of white skin to yellow in table 1 is 2982 to 2934 
and does not vary significantly from a one to one proportion. 

It is to be noted that in this list of 24 characters in table 1, 12 show statis- 
tically significant deviations from the expected one to one ratio. Ten of the 
twelve deviations involved shortages of the mutant type. With such large 
numbers as are available for some of these traits, even minor factors influencing 
the viability of individuals showing the character may bring about deviations 
which have statistical significance. 
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LINKAGE GROUPS 


The linkage groups which follow are listed in chronoJogical order of their 
being reported in the literature, and are lettered for purposes of identification. 
All data presenting linkage tests and crossing over are from backcrossing to the 
double recessive. Both coupling and repulsion phases are utilized but are 
combined in the totals of crossover and non-crossovers, unless separation is 
desired for analyzing cases of questionable linkage. Usually the male was the 
heterozygote in the backcross, but data were used from crossing over tests in 
both sexes, since it has been shown (WARREN 1940a) that the percentage of 
crossing over is similar in both the male and female chicken. The writer pre- 
viously published some data on autosomal linkage in the chicken (WARREN 
(1933c), WARREN and Hutt (1936)), but the totals given in the earlier publica- 
tion have been revised to include recently acquired data. The data for a large 
number of tests for linkage are given in table 2. For each character pair 
combination there are given two figures, the one to the left of the dash being 
the parental combinations and the one to the right the new combinations. The 
degree to which the parental combination exceeds the new combination is 
taken as evidence for linkage. The letter following the two values for each test 
designates the worker making the test, so in the table an attempt has been 
made to list all published linkage test data. The spaces carrying the x indicate 
combinations for which no linkage data are available, but where one member 
of the pair belongs to a linkage group which has shown independent assortment 
with the other member. The spaces carrying dashes indicate character combi- 
nations which bring about interference and prevent making satisfactory tests 
for linkage. 

Group A 


This group in¢ludes the first reported case of autosomal linkage. SEREBROV- 
sky and Petrov (1928) found close linkage between creeper and rose comb. 
The later, more comprehensive data of LANDAUER (1933b) and Taytor (1934) 
showed these two factors to be very closely linked. LANDAUER reported from a 
total of 7408 backcross individuals a crossing over percentage of 0.39 percent 
and TAYLor 0.5 percent crossing over in 2183 individuals. Hutt (1936) later 
reported uropygial to belong to this linkage group with 29.6 percent crossing 
over between it and rose comb in 348 individuals. Uropygial is a new factor 
affecting the development of the uropygial papilla. The present report adds 
no data on'this linkage group since the totals are already quite adequate. The 
linear organization of the known genes in this chromosome and later discussed 
chromosome maps are shown in figure 1. 


Group B 


This linkage group was established by the report of SuUTTLE and Sr1pE (1932) 
when they found evidence for linkage between crest and frizzling. Hutt (1933) 
later reported dominant white and frizzling to be linked. The combined data of 
WARREN and Hutt (1936) added to those of earlier workers gave a relatively 
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TABLE 2. Parental and new combinations of characters tested by various workers. The number to the left of the dash is the total of parenta’ 
new combinations significantly indicate genetic linkages. The letter following the second number indicates the author who is listed in the key to 
with the expression of another to make the notation of segregation impossible. The X in the space marks character combinations where one mem 
carrying no marks are those for which no linkage data exist. 


7 - 210K 
- 160F 


ested by various workers. The number to the left of the dash is the total of p 
letter following the second number indicates the author who is listed in the 
ation impossible. The X in the space marks character combinations where one 










































































comp | PoLypac-| crest | powmimanmT |FLicnTLEss | creeper | sickle puPLEx |FRizziine | BLUE wurr 
TYLY WHITE PLUMAGE come 
- 390K 62! - 634K Le @ | KxXX 91-69K AAX xxx ne-t6K 432-325 
126-126K 99 -686K AUK ae xxx 112 - 126K $4 -S35K 26-21K« 
-120x | 328-337K| 83-740K| 972-063K | —— xxx —— 136-142K | 370-390K | 91-@7K | 131-129K 
— | 637-620x | 207-206x | 206-263K | xxx XxX 379-202K | 266-257« | 276-329K | 170-192K 
“76K | 249-24:n | 235-207K | —— He-uWkK MX 141- 130K | g0-73K ——= 345-344K 
35 13-136 17 - 15 
143 - 144" | 466-807K | S00-S00K $87- 601 K 2 
“SON" |uos-tozen | ses-aaie | 93-101 | s77-ssex| 23-20" | 2e6-230K | 261-2268 "ae 327- 366K 
: 348-3678 | 202-1680 | 199- 19:8 367-3448 
314K | 126-aK | 104-13K ane ‘ane os. cern | 888-8888 | v0. coe 
-o36 | w2-i7ie | 120-098 . 47-308 
- Li 
367-303K | S18 - TSK | e62 -356K : see 08 pore as: t 
- 55-588 aie: 33 aa ee | ig - Ize 
578 - SOOK | 342 - 367K | 390- 415K 
. 371K 494-536K | 38-398 
176-1498 | 225-203F | 26- 18F XxX 
- 104F | 300-2178 | 210-1798 | 260-2139 | '92- 1838 | 145-141E 
-3o1x | 220-190K | xxx 203- 192K |2346-300K| xxx 
-u7e | 99-98 | 104-100F | 96- 80F Xxx 
- 402K] 470 -448K | 405-30IK | 135 - 135K 
> - onan | OR = PARK | s457 - ao2K 
r.228 | 36-230 | 407-750 











S7 - (062K 
- 290K | 187-953 


KEY TO AUTHORITY 
-'73F | 206-1828 











DUNN & JUL --------- a 

- 2K HUTT @ CO-WORKERS --- -- ® 
= 1GOF WEL << onc sece canes ¢ 
—— LAMBERT & KNOX---—--.- ° 
LANOAVER----------- € 

SEREBROVSKY @ PETROV--F 

SUTTLE & SIPE-~------ ¢ 

TAYLOR] own on ou ue ” 

WARREN- -----~—--- -K 

MERTWIG------—- --~ my 


DEAKIN & ROBERTSON---WN 


he total of parental, and that to the right the total of new combinations. Instances where parental combinations exceed the 
sted in the key to authority. A long dash alone in the space marks combinations where one character sufficiently interferes 
ns where one member has already been tested for linkage with some member of the group to which the other belongs. Spaces 








LINKAGE IN THE FOWL 341 


accurate location of these two genes. Since the 1936 publication, WARREN has 
obtained considerable additional data on this group. 

The writer’s total on the relationship of crest and frizzling are 1918 non- 
crossovers to 715 crossovers. These added to the total of 56 to 24 published by 
Hutt (WARREN and Hutt 1936) and the total of 316 to 90 by SuTTLE and 
S1pE (1932) make a grand total of 2290 non-crossovers to 829 crossovers. This 
gives a crossing over percentage of 26.6 for the pair of factors. 

For dominant white and frizzling the total 1662 non-crossovers to 356 cross- 
overs when added to Hutt’s totals of 491 to 94 makes 2153 non-crossovers to 
450 crossovers. This ratio yields a crossing over percentage of 17.3. 
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FiGure 1.—Chromosome maps for five autosomes in the fowl. 


The linkage relations of crest and dominant white have also been investi- 
gated. The total of 3457 non-crossovers and 492 crossovers have been added to 
the totals of Hurt, 357-57 giving 12.6 percent crossing over. It is of interest 
to note that the map distance between crest and frizzling is 26.6 while the sum 
of the distance between crest and dominant white (12.6) and dominant white 
and frizzling (17.3) is 29.9. Thus the difference, 3.3, would be a measure of the 
double crossing over percentage occurring in the 26.6 units of map distance 
between crest and frizzling. WARREN and Hutt (1936) published the results 
on a test involving these three factors at one time and set up in a manner to 
provide a measure of double crossing over. Out of 284 gametes, they failed to 
obtain any double crossovers. These results were interpreted to indicate the 
phenomenon of interference operates in the fowl as it does in Drosophila. 

A factor, fray, found by WARREN (1938) has shown evidence of being linked 
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with both crest and dominant white. The linkage is relatively loose, but the 
data are extensive enough and sufficiently consistent to seem to establish the 
new factor as a member of group B. The total of 853 parental combinations to 
740 new combinations in the test of linkage between fray and crest shows a 
deviation from a one to one ratio of sufficient magnitude to indicate that it is 
probably not due to random sampling. The crossing over percentage for the 
pair of factors is 46.3. In the case of dominant white and fray the totals of 
parental combinations and new combinations are 972 and 863. Here again the 
deviation from equality in the two groups is statistically significant. These 
totals gave a crossing over percentage of 47.0. The fact that fray shows evi- 
dence of linkage, although loose, with two members of the group, tends to 
strengthen the view that it also belongs in the group. In the linkage tests of 
fray and crest, and fray and dominant white, both coupling and repulsion 
phases were involved in each test, thus reducing the possibility that differen- 
tial viability or penetrance might be the responsible factor rather than genetic 
linkage in causing deviations from the one to one ratio. 

It is somewhat difficult to follow the segregation of fray and frizzling at the 
same time, since each affects the structure of the feather in a somewhat similar 
manner. A test for linkage, between these two, gave a total of 378 parental 
combinations to 398 new combinations, values which provide no evidence of 
linkage between the two. It is possible that these two factors may be located 
at opposite ends of the chromosome, and they have been so placed in figure 1. 
The slightly less crossing over between crest and fray than between dominant 
white and fray would be in accord with this arrangement, giving the order of 
fray, crest, dominant white, and frizzling. 


Group C 


The third linkage group was established by the report of HERtTwic (1933) 
that a new down pattern factor, “marbling,” was linked with pea comb. 
HERTWIG found 32.8 percent crossing over between it and pea comb in a popu- 
lation of 789 individuals. Hertwig also reported loose linkage between marbling 
and naked neck, with 45.6 percent crossing over in 1141 individuals, a devia- 
tion which is statistically significant. The writer is inclined to place naked neck 
in another linkage group because of evidence that appears to be stronger than 
that presented by HEertwic, and because considerable data which offer no 
evidence for linkage between naked neck and pea comb. A total of 2531 indi- 
viduals in a backcross test for linkage between naked neck and pea comb 
(table 1) gave 1264 parental combinations to 1267 new combination. This is so 
near a one to one ratio that it cannot be considered as support for placing pea 
comb and naked neck in the same linkage group. Hertwic (1933) reported 
that 1088 offspring from a backcross gave slightly more new combinations than 
parental combinations. With somewhat questionable proof in the case of 
marbling and naked neck and contradictory evidence for naked neck and pea, 
it seems that evidence favoring the placing of naked neck in this group is un- 
convincing. HERTwIic’s theory regarding the location for the factor, naked 
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neck, is further weakened by evidence for linkage between naked neck and two 
different members of another group. 

BRUCKNER and Hutt (1939) published data showing close linkage between 
pea comb and blue egg. A total of 35 individuals showed 5.7 percent crossing 
over between the two factors. They state that their evidence favors placing the 
characters in the order blue egg, pea comb, and marbling in the fourth chro- 
mosome group although no published data are available on the relationships of 
blue egg and marbling. 


Group D 


WarREN (1935) published preliminary data giving evidence for linkage be- 
tween silkie plumage and flightless. The data to date on this pair of factors 
include 2646 individuals and give 11.3 percent crossing over from both coupling 
and repulsion phases. The data recently obtained support the placing of naked 
neck in the same linkage group. The linkage of naked neck with both silkie 
and flightless is loose, but the fact that statistically significant evidence for 
linkage is found in the tests for each of the relationships (naked neck and silkie, 
and naked neck and flightless) seems convincing. In each test both repulsion 
and coupling phases are involved, and in each phase the parental combinations 
exceeded the new combinations, thus providing proof that the evidence for 
loose linkage is not a result of differential viability or penetrance of the char- 
acters involved. The totals are 554 non-crossovers and 424 crossovers in the 
case of silkie and naked neck, with the deviation from a one to one ratio being 
statistically significant. For naked neck and flightless, there are 938 non-cross- 
overs and 807 crossovers, and the yx? test indicates that the deviation from 
equality of the two groups is much too great to be due to chance. These values 
give 43.3 percent crossing over for naked neck and silkie, and 46.2 percent for 
naked neck and flightless. The slight difference in these two percentages would 
favor the placing of the genes in the order nak-.' neck, silkie, flightless on the 
chromosome. The data of Hertwic (1933) r ....: be interpreted to indicate 
that linkage groups C and D could be combined into one, but the data in table 
2 for tests between pea and silkie give 51.1 percent crossing over, which devi- 
ates in the wrong direction to favor this view. The tests for linkage of pea and 
flightless offer some support for combining the two groups since the total of 
557 parental combinations to 482 new combinations gives a crossing over value 
of 46.4 with a x? value equaling 5.78, 1 D. F. With marbling and naked, and 
naked and flightless, and flightless and pea, all showing about the same degree 
of loose linkage; and flightless and silkie showing close linkage, and pea and 
silkie with no linkage, it is difficult to place these factors in any one linear 
organization. 

Group E 


Hutt (1941) reported a fifth linkage group upon finding evidence for linkage 
relations between multiple spurs and duplex comb. Later Hutt and MUELLER 
(1943) added polydactyly to the group and reported 28 percent crossing over 
between duplex comb and multiple spur; 33 percent crossing over between 
multiple spur and polydactyly; and 42 percent crossing over between duplex 
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comb and polydactyly. The total data accumulated by the author on the 
linkage relations between duplex comb and multiple spurs are 477 non-cross- 
overs and 136 crossovers, resulting in a crossing over percentage of 22.2 which 
is considerably less than the value of 27.8 percent reported by Hutt. Hutt 
obtained 858 non-crossovers to 239 crossovers, and if these are combined with 
the foregoing totals, a crossing over value of 26.2 is obtained. WARREN (1941) 
suggested that a new type of polydactyly, duplicate, was probably an allele of 
the usual type of polydactyly, and the same author (1943) later reported evi- 
dence confirming this view. For linkage relations between duplex comb and 
polydactyly data are available from various investigations. SEREBROVSKY and 
Petrov (1930) reported 176 non-crossovers to 149 crossovers. Hutr and 
MUELLER (1943) found 300 non-crossovers to 217 crossovers, which when 
added to the writer’s totals of 579 non-crossovers to 500 crossovers, make a 
total of 1055 non-crossovers to 866 crossovers. This grand total gives a crossing 
over percentage of 45.1, slightly greater than the values obtained by Hutt and 
MUELLER. Variability in penetrance of polydactyly may affect this value, but 
analysis of the writer’s data does not indicate the phenomenon to have much 
influence. The deviation from equality is highly statistically significant. 

For duplicate and multiple spur, 559 non-crossovers and 239 crossovers were 
obtained with a crossing over percentage of 30. Duplicate and duplex comb 
gave 379 non-crossovers to 282 crossovers with a crossover value of 42.6. Thus 
the linkage relation of duplicate with multiple spurs and duplex comb of 30 
and 42.6 percent, respectively, are quite similar to the values obtained for the 
linkage relation of polydactyly with these two factors (33 and 45.1 percent). 
These results together with the earlier report of WARREN (1941) that poly- 
dactyly and duplicate segregated as alleles seem to justify the conclusion that 
duplicate is a mutation at the same locus as polydactyly. The arrangement of 
the genes on this chromosome is duplex comb, multiple spurs, polydactyly and 
duplicate. 

Independently Inherited Characters 


In addition to the five linkage groups, table 2 carries several other autosomal 
characters which show independent assortment with members of these five 
groups. In table 3 are brought together those characters which have shown 
evidence of being independent of the five known groups and the X indicates the 
combinations for which tests have shown no linkage and the O combinations of 
two members of the same linkage group. The interrogation marks indicate 
tests which have a statistically significant deviation from the expected and will 
be discussed in the next division of this paper. The dash indicates combinations 
in table 3 where interference of one character with another prevents the mak- 
ing of a reliable test. The following characters show independent assortment 
with one or more members of each group: recessive white, muff, blue, white 
skin, feathered leg, rumplessness, syndactylism, ropy, pinkeye, albino, and 
retarded. This may be taken as evidence that each character has its determiner 
on chromosomes other than those to which the five linkage groups belong 
unless these characters have their genes so widely separated from known loci 
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TABLE 4 


Tests that show no linkage among characters not 
belonging to any known linkage group 


n ie ort 
a . 5 
- Z a < 2 
Q 1 a = 4 > 
= eo) = < = re) a 
2 g ?: 2 E - i i ft 
I < & 5 is = a = D 
< as 4 = = —% -) = 
Retarded 0 x x x x 
Albino 0 : x x x = x 
Pinkeye - 0 x x x x x 
Rumplessness x x x 0 x x x x x 
Feathered leg x x x x 0 x x ? x 
White skin x x x x x 0 Xx x x 
Recessive white x x x x 0 x 
Blue x ? x 0 x 
Muff x x x x x x x x 0 
Syndactylism x x x x 
Ropy x x x 


on the chromosomes as to permit independent assortment. These eleven char- 
acters have been arranged in table 4 to show the tests that have been made 
among them. Rumplessness, feathered leg, and muff have been tested with 
each of these groups as well as with the members of the linkage groups, so the 
survey for linkage has been completed for the characters listed here. In some of 
the untested combinations, the masking action of one character upon another 
prevents making the test for linkage. Thus, the segregation of blue canot be 
followed in the presence of albinism. 


Other Possible Linkage 


There are in table 2 data which indicate possible additional linkages. The 
Chi-square test was made in these cases and only those at or beyond the 5 per- 
cent level are considered as having a statistically significant excess of the par- 
ental combinations over the new combinations. In tables 2 and 3 the interroga- 
tion marks indicate these tests where the deviation proved to be statistically 
significant. Without additional supporting evidence some of these indications 
should not be given too much weight, since there are several other cases in 
table 2 where deviations in the reverse direction are beyond that which can 
be considered as due to chance fluctuations. In some instances it has been 
demonstrated that the deviation from a one to one ratio of the parental and 
new combinations is due to poor penetrance or viability of two of the involved 
factors. If both coupling and repulsion are involved, such cases usually can be 
detected. Results in table 1 indicate the factors in which the expressivity is not 
good. Even where the linkage test is in one phase, coupling or repulsion only, 
critical evidence may be obtained by comparing the two parental combinations 
one with another; or the two new combinations one with another. If the devia- 














LINKAGE IN THE FOWL 347 


tion from a one to one ratio is due to genetic linkage, then the two new combi- 
nations should be of about equal numbers, though less than each of the paren- 
tal groups. If the apparent linkage is due to poor expressivity of two of the 
involved factors, then one of the two new combinations should be smaller than 
the other. 

Duplex comb shows evidence of being linked with pea. Both the data of the 
writer and those of SEREBROVSKY and PETROV (1928) show significant devia- 
tions from the expected one to one ratio. The fact should be noted, however, 
that there is some interference between pea and duplex, since duplex is not 
always easily recognized when comhined with pea comb. The data in table 1 


TABLE 5 


Additional tests for linkage not included in table 2 (See table 2 for key to authority 
indicated by the letter following the numbers.) 





PARENTAL NEW 
COMBINATIONS COMBINATIONS 

Marbling—pea comb 531 258M 
Marbling—naked neck 625 521M 
Blue egg—pea comb 33 2B 
Uropygial—recessive white 60 56B 
Uropygial—rose comb 245 103B 
Yellow head—dominant white 18 16N 
Mottling—duplex 324 328B 
Mottling—muff 312 292B 
Mottling—flightless 81 114B 
Mottling—crest 282 292B 
Mottling—polydactyly 328 326B 
Mottling—multiple spur 320 307B 
Duplex—extended black 276 219F 
Polydactyly—extended black 250 241F 
Duplicate—syndactylism 421 148K 
Duplicate—trecessive white 64 52K 


Recessive white—syndactylism 92 103K 





show rather large shortages of both the pea and duplex types of combs. The 
linkage data include both the coupling and repulsion phase and in each there is 
an excess of the parental type. Most of the data, however, are from the repul- 
sion phase in which the pea-duplex combination would fall in the new combi- 
nation and being difficult to recognize, would cause apparent linkage. If pea 
comb were linked with duplex comb, it should also be expected to show linkage 
with polydactyly, duplicate, and multiple spurs, and there is no suggestion of 
linkage in any of the ratios for these factors. Considering the results as a whole, 
it seems that the evidence for linkage here is spurious. The evidence favoring 
linkage of pea comb and flightless has already been discussed. 

The data on linkage relations of rumplessness and frizzling offer some sup- 
port for the view that these two characters are in the same group. The data of 
the writer have a x? value slightly below significance being 3.55, while those of 
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LANDAUER (1933a) show a highly significant deviation (x?= 10.6, 1 D. F.). Most 
of the deviation in the writer’s data comes from an excess of the group having 
neither rumplessness nor frizzling, so it seems probable that the evidence favor- 
ing linkage is not reliable. Furthermore, rumplessness fails to show any evi- 
dence of linkage with either dominant white or crest, each of which is in the 
same linkage group as frizzling. 

Rumplessness also shows a statistically significant deviation (x?=4.57, 1 D. 
F.) when the linkage with naked neck is tested. Rumplessness shows poor 
expressivity and a study of the linkage data shows all the evidence for linkage 
coming from the coupling phase. Most of the available data were from the 
coupling phase but the few tests in the repulsion phase had the parental and 
new combination groups of virtually the same size. It would appear then that 
the apparent linkage of naked neck and rumplessness may be due to poor ex- 
pressivity of the characters involved. 

Syndactylism shows rather extreme deviations from the expected one to one 
ratio when tested for linkage with polydactylism and duplicate. Since the latter 
two belong to a multiple allelic series, this might be considered as strong evi- 
dence for placing the three characters in the same linkage group. Both syn- 
dactylism and polydactylism show poor penetrance in table 1. In the coupling 
phase of the test for linkage between duplicate and syndactylism the totals for 
the two parental groups were 271 duplicate non-syndactyls, 150 non-duplicate 
syndactyls, and for the two new combinations 144 non-duplicate non-syn- 
dactyls and 4 duplicate syndactyls. For the polydactylism-syndactylism 
coupling test the totals for the parental groups were 318 polydactyls non- 
syndactyls, 234 non-polydactyls-syndactyls, and for the new combinations 
were 303 non-polydactyls non-syndactyls and 68 polydactyls-syndactyls. 
These results show that much of the shortage of the new combinations is due 
to the exceptionally low incidence of the combinations of either polydactyly or 
duplicate with syndactylism. The application of the x? test indicates that the 
shortage here is even greater than would be expected from the chance combi- 
nation of two groups each showing a deficiency. To check further the evidence 
for linkage, stock was prepared for making the linkage test in the repulsion 
phase for syndactylism and polydactylism. Here again there was an obvious 
shortage of the syndactylous-polydactylous group, but this time the group fell 
in the parental groups and made a shortage of this group. The totals for the 
parental groups were 119 non-polydactyls non-syndactyls, and 30 polydactyls- 
syndactyls, and for the new combination, 139 syndactyls non-polydactyls and 
124 polydactyls-non-syndactyls. This makes a total of 169 parental combina- 
tions and 263 new combinations. When these totals are added to those from 
the coupling phase, it gives 621 parentals to 634 new combinations, a deviation 
from a one to one ratio which is not statistically significant. This is a rather 
striking demonstration of how certain parental combinations may give spuri- 
ous evidence for linkage when the characters being tested have poor pene- 
trance. 

SEREBROVSKY and Petrov (1930) reported evidence for linkage between 
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naked neck and blue with a parental total of 252 to 173 new combinations 
which is a highly statistically significant deviation from the one to one ratio. 
The writer’s larger body of data in table 2 does not confirm the findings of 
Serebrovsky and Petrov since the ratio of 599 parentals to 620 new combi- 
nations is virtually one to one, the deviation being within the range to be ex- 
pected from chance and in the wrong direction. 

Munro and Kosin (1940) reported breast ridge as a new character in the 
fowl, but were undecided as to whether it was a case of very close linkage with 
pea comb or only another expression of the pea gene. 

WarREN (1945) described a case of lateral asymmetry which provided some 
evidence for placing body size differences, earlobe color, and skin color factors 
on the same chromosome. A more recent test of this theory was made by back- 
crossing F, females from the cross of the White Leghorn by the Australorp to 
White Leghorn males. The F; generation females should be heterozygous for 
skin color, and for factors controlling earlobe color and body size. Both body 
size and earlobe color are probably due to multiple factors. If factors control- 
ling these three characters are on the same chromosome, it would be expected 
that the white skin segregates should have larger body size and less white 
earlobes when compared with the yellow-skinned segregates. From 275 segre- 
gates the evidence did not offer much support for the theory. The birds with 
white earlobes tended to be smaller but those of the two skin colors did not 
differ significantly in size. There was also no significant difference in the tend- 
ency toward earlobe color in the birds of the two skin colors. 


SUMMARY 


This report provides additional data on three of the five well-established 
autosomal linkage groups in the chicken. The character fray has been added to 
the crest-dominant white-frizzled group. Data are presented for including 
naked neck in the silkie-flightless group instead of with the blue egg-pea comb- 
marbling group. Duplicate, which proved to be an allele of polydactyly has 
been added to the duplex comb-multiple spurs-polydactyly group. Additional 
data were presented on the map distances on these autosomes and for inde- 
pendent assortment of a large number of other autosomal characters. 
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